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Abstract
Oil spills are a critical threat to the marine environment, and the spilled oil as a source of
pollution can have long-term adverse effects on the marine ecosystem. Traditional mechanical
clean-up operations have apparent advantages for dealing with small and medium-scale oil spills.
For large-scale oil spills, dispersants are a practical and minimally influential approach to the
environment. As the dispersant components are iteratively updated, dispersants become more
efficient and safer. However, the toxicity of the dispersants remains a significant impediment to
their application. An efficient and non-toxic dispersant is increasingly becoming a requirement.
The cactus mucilage extracts studied in this research were extracted from the leaves of the
Opuntia ficus-indica cactus. The extraction process yields two types of mucilage extracts: gelling
extract (GE) and non-gelling extract (NE). As natural materials, NE and GE have the advantage
of being biodegradable and non-toxic. This work centered on using NE for the research of
phenomena and properties on the surface and interface because NE performance as a dispersant
was better than GE. Neutral sugars, carbohydrates, and proteins are the main compounds in NE.
This composition has an interesting correlation with the intermolecular forces in the surfactants.
The overarching goal of this dissertation is to investigate the application of cactus-based
natural dispersant (non-gelling extract, NE) to be implemented in oil spill response strategies. To
complete this goal, the dispersion mechanism of the dispersant was investigated; the effectiveness
and toxicity of the dispersant were evaluated and determined; and the effectiveness of the
dispersant was also improved.

ix

The evaluation to assess the efficacy of NE to disperse crude oil was based on
characterizing surface and interfacial tension, dispersion efficiency, mixing effects, salinity effects,
stability, and droplets size distributions. The air-water surface tension of NE solution decreased as
the concentration of NE increased. There was a linear relationship between the surface tensions
and the natural logarithm of the concentrations of NE. The application of NE in water was found
to decrease the interfacial tension between oil and water; this is the main feature of a surfactant.
Such a phenomenon is also the primary reason and mechanism by which the dispersant can
disperse the oil into the water column. We found that the surface tension of the oil-in-water (O/W)
emulsion was significantly reduced with the addition of NE at oil to emulsion volume ratios of 3%
and 6% v/v. The salinity of the seawater and the mixing energy both affected the dispersion
efficiency of the NE. It was observed that NE provided a smaller weighted average diameter to the
dispersed O/W emulsion compared to that with COREXITÒ EC9500A.
In order to improve the dispersion effectiveness of NE, d-limonene (DL) and silica
nanoparticles (SiNPs) have been applied with NE as a new dispersant system. The synergistic
effect of DL and SiNPs on NE as a dispersant system was studied based on surface tension
measurement, baffled flask test, shaking turbidity test, and droplet size measurement. Addition of
DL can further reduce the surface tension of the O/W emulsion, which indicated the emulsion
balance was pushed firmly from W/O emulsion further towards dispersion. The stability of the
O/W emulsion was increased by adding of SiNPs. The synergy of both DL and SiNPs significantly
improved the dispersion effectiveness of NE. The volume ratios among NE, DL, and SiNPs have
been optimized through dispersion effectiveness measurement by using the baffled flask test. The
shaking turbidity test was used to quantify the stability of O/W emulsion in a shaking environment.
Through the droplet size analysis, O/W emulsion with NE+DL+SiNPs dispersant system had a

x

smaller weighted average droplet size and a more stable performance. As an environment-friendly
dispersant system, NE+DL+SiNPs can be used as a candidate for an efficient and stable dispersant.
Daphnia magna neonates were used to determine the acute toxicity of NE and COREXITÒ
EC9500A. It was found that NE can be classified as practically nontoxic to daphnia magna
neonates, but COREXITÒ EC9500A was found to be highly toxic to daphnia magna neonates.
MTT cell viability assay with Neuro2a (N2a) cell line was applied to investigate the toxicity of
COREXITÒ EC9500A and NE based dispersant system. We found that COREXIT® EC9500A was
significantly toxic to N2a cells after 50 ppm. However, NE had no effect on N2a cells until the
concentration reached 500 ppm. It was found that the addition of d-limonene had a negative impact
on the toxicity of the NE based dispersant system.
In summary, the dispersion mechanism of the cactus mucilage extract as a dispersant was
evaluated the various indicators of the cactus mucilage extract as a dispersant, and studied the
factors affecting the dispersion efficiency of the cactus mucilage extract. Synergy of d-limonene
and silica nanoparticles with cactus mucilage extract on the dispersion process of crude oil and
significantly improved the dispersion efficiency of the cactus mucilage extract dispersant system.
In the end, the toxicity of the cactus mucilage extract based dispersant system was evaluated by
using the acute toxicity assessment with daphnia magna and MTT cell viability assay with N2a
cell line.
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Chapter 1: Introduction
1.1 Oil Spills
As a form of marine pollution, oil spill refers to the releasing of a liquid petroleum
hydrocarbon into the ocean due to the releasing from offshore drilling rigs, oil tanker ships, and
pipelines for transporting oil. It is well known that oil is not readily soluble in water. Therefore,
the crude oil floats on the surface of the ocean and hardly dissolves after a spill.
The spilled oil will initially spread on the surface of the water, forming a few millimeters
of oil slick [1]. The most harmful stage to wildlife is from the beginning of the spill. If the coast is
completely submerged, flora and fauna will be killed entirely. The spilled oil can have a lasting
impact on the marine environment. In some exceptional cases, these impacts can still be measured
after decades [2].
Due to the covering of the spilled oil, the photosynthesis required by the phytoplankton in
the ocean is suppressed, resulting in a significant drop in the oxygen content of the seawater [3,
4]. This phenomenon will further lead to a large number of deaths of fish and other animals in the
sea. The oil slick can also kill the seabirds by catching in their feathers and stop them from flying
[5, 6]. Another cause of death for seabirds is the damage of the kidney and liver from the spilled
oil.
Oil spills can also cause severe air pollution [7, 8]. The air pollution caused by oil spills
mainly comes from the evaporation of low molecular weight substances in petroleum, the smoke
from the burning of spilled oil and natural gas, and emissions from transport recycling and cleaning
operations [7]. Toxic hydrocarbons in crude oil, such as benzene, toluene, and xylene, volatilize
1

into the air within a few hours of the occurrence of the leak. These toxic gases stimulate the human
respiratory tract, inhibit the central nervous system, and induce various cancers [8].
With the environmental damage caused by the oil slick, oil spills will also cause substantial
economic losses to the coastline countries [3, 9-12]. Oil spills can have a fatal negative impact on
fishing industries [13]. The impact of oil spills on fisheries production is the most common and
most easily observed [14, 15]. Any type of pollution incident in the marine environment can also
impact the market prices of fish products. If the quality or safety of the product is considered to be
impaired, it will often harm the interests of the fishery and aquaculture industry [10]. Oil spills can
significantly increase the cost of fishery production.
1.2 Response Methods of Oil Spills
The total area affected by the spilled crude oil can be divided into 4 zones: oil spill source,
offshore, nearshore, and inshore [16]. The response operations focus on controlling and stopping
the oil spill at the source of the spill. Offshore operations focus on removing the spilled oil as it is
close to the source. The response operations for nearshore focus on the removal of the oil and also
protecting the sensitive areas. Inshore operations focus on using barriers to avoid spilled oil
reaching the shore. Once the spilled oil reaches the shore, cleanup operations are needed.
The oil spills response methods can be roughly divided into three categories: physical
response methods, chemical response methods, and biological response methods [17]. The typical
response operations to remove spilled oil are skimming, in-situ burning, booms, vacuum, and
dispersants.
Mechanical methods like skimming, booms, and vacuum are preferable as they can remove
the mess from the environment directly. In most small and medium-sized spills, they work well.
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However, in a large area spill, mechanical methods cannot remove all the spilled oil. During the
Deepwater Horizon oil spill response, skimmers only removed 3% of the oil released [18].
In-situ burning can effectively reduce the amount of oil in water. However, it can only be
achieved in low wind and in which air pollution is a concern. Generally, mechanical response
operations are constrained by equipment availability and weather, and only a small portion of a
massive slick can be covered. Dispersants should be considered when mechanical methods do not
work [19]. Compared to other response methods, the application of dispersants has a lower overall
impact on the environment after oil spills [20].
1.3 Chemical Dispersants
Dispersants can disperse the oil slick from the water surface and dilute it with the water. In
open seas, crude oil can be quickly dispersed and diluted with the moving of seawater. The
dispersant is composed of surfactants, solvents, and other additives [21]. The main functional
component of the dispersant is the surfactant, which has the function to lower the interfacial tension
between oil and water [22].
The oil molecule is non-polar, and the water molecule is polar. It is hard for an oil molecule
to form H-bonds with a water molecule because of the hydrophobic effect. As a result, oil is almost
insoluble in water under natural conditions, as shown in Figure 1.1 a. The surfactants both have a
hydrophilic head (water-seeking) and an oleophilic tail (oil-seeking), as shown in Figure1.1 b.
With these two functional groups, the surfactants can build up a bridge between oil and water by
diffusing into their interface and reducing their interfacial tension [21].
With a lower interfacial tension, small oil droplets are encapsulated by the surfactant and
evenly dispersed into the water [20, 23]. By the mixing action of the waves, spilled oil and water
can be combined in two ways: oil-in-water (O/W) emulsions or water-in-oil (W/O) emulsions.
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Dispersants can push the balance between O/W emulsion and W/O emulsion actively towards O/W
dispersion, as shown in Figure 1.2 [23]. Dispersions improve the opportunity for biodegradation
of the spilled oil by increasing the contact area between water and oil.

Figure 1.1 Schematic representation of the mixture of oil and water without (a) and with
dispersants (b), showing the dispersant molecules have an oleophilic tail and a hydrophilic head.

Figure 1.2 Schematic representation of the dynamic equilibrium between water-in-oil emulsion
and oil-in-water emulsion without (a) and with (b) dispersants.

4

Dispersants, as an oil spill response operation, have a negative reputation as they are
equated with toxicity [24]. From the invention of dispersants to the present, the development of
dispersants has gone through three generations.
The first generation of the dispersant was initially designed to clean the engine
compartment of the ship, and its main component is the degreasing solvent. The first generation
of dispersants was applied in the Torry Canyon oil spill on the south-west coast of the United
Kingdom (U.K.) in 1967. The use of first-generation dispersants has caused severe damage to the
marine environment and humans [25]. The smell of the dispersant caused headaches, watering
eyes, and sore throats [26]. In addition to the solvents, the low surface-active agents were also
added to the second-generation dispersants. Moreover, the degreasing solvents were replaced with
aromatic solvents [23]. However, they have to be used at a high concentration, accompanied by a
tremendous amount of usage. Compared with the previous generation of dispersants, the thirdgeneration dispersants are formulated with a higher content of surfactants [23]. Improvements in
these three generations of dispersants have always been focused on improving their dispersion
effectiveness and reducing their toxicity. Even so, the toxicity of third-generation dispersants
remains a significant impediment to their application.
The most representative and widely used of the third generation of dispersants are
COREXITÒ EC9500A and EC9527A [25]. However, COREXITÒ EC9527A is irritating to the
eyes and skin and may hurt the human liver, kidney, and red blood cells [27, 28]. COREXITÒ
EC9500A is considered to permeate the brain by affecting the blood-brain barrier (BBB). As a
result, the central nervous system can be affected [29-31]. Furthermore, Kleindienst et al. found
that chemical dispersant can suppress the activity of natural oil-degrading microorganisms [32].
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Evidence was provided that chemical dispersants applied to either deep water or surface water
from the Gulf of Mexico did not stimulate oil biodegradation [32].
1.4 Cactus Mucilage Extracts
Cactus mucilage has the function of storing water in the cactus leaves. It is a thick and
colorless gluey substance [33]. The cactus mucilage extracts studied in this research were extracted
from the leaves of the Opuntia ficus-indica cactus. The extraction process yields two types of
mucilage extracts: gelling extract (GE) and non-gelling extract (NE). As natural materials, NE and
GE have the advantage of being biodegradable and non-toxic.
Cactus mucilage extracts have been used in several studies for different applications. The
majority of them are focused on the food industry. Del-Valle et al. reported that the Opuntia ficusindica cactus mucilage can be coated on the surface of strawberry to extend its shelf-life [34].
Cactus mucilage extracts were also used to remove the sediments and bacteria from water [35].
This water purification ability was later expanded to remove heavy metals in water [36]. The ability
of the cactus mucilage extracts to purify water is due to its material composition and structure. The
five main compounds in both NE and GE are L-arabinose, D-galactose, L-rhamnose, D-xylose,
and D-galacturonic acid [35, 37-43]. The previous studies centered on the ability of biosorption
and coagulation-flocculation of cactus mucilage extracts.
NE and GE were both found to have a similar ability to disperse crude oil, but NE
performed better than GE as a dispersant. Hence, this study focused on using cactus mucilage
extract (non-gelling extract NE) as a nature dispersant to clean up the spilled oil. As a plant-based
material, NE is biodegradable and renewable with sustainable agriculture. Due to its fast growth
and short growth cycle, cactus can be harvested three times a year. The mass production of the raw
materials, cactus plants, can be supported by intensive farming. The non-toxic and surfactant-like
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features make NE a candidate for being used as a dispersant, without secondary pollution in oil
spill response. Since this research work is focusing on the dispersant application of mucilage
extracts with crude oil, it is crucial to understand how they behave with oil and water, and how
they perform in the interface between oil and water.

Figure 1.3 Cross-section image of the cactus pad, showing the mucilage cells in the middle layer.
1.5 Motivation
Functional surfactants from natural materials have received increasing attention for the
application as a dispersant. They display advantages over conventional chemical dispersants as
they are biodegradable, non-toxic, and have better compatibility with the environment. Neutral
sugars, carbohydrates, and proteins are the main compounds in cactus mucilage extract. Cactus
mucilage extract has been studied in numerous applications, including food products, nutrition and
health products, and water purifying agents. Cactus mucilage extract provides promising potential
as a natural functional surfactant that can be applied as a dispersant for oil spill treatment.
7

The application of extremely high amounts of chemical dispersants could be detrimental
to marine life and the environment. Compared to traditional dispersants, cactus mucus extract is a
completely non-toxic material. This non-toxic property overcomes the most considerable concern
and obstacle in traditional dispersant applications. Therefore, cactus mucilage extract has great
potential in the application of dispersants.
Studying the dispersion effect and mechanism of cactus mucus extract on the dispersion
behavior of oil into water is of crucial importance. Unlike single components of other natural
surfactant materials, cactus mucilage extract is a diverse blend of ingredients. Understanding the
mechanism of dispersion with cactus mucilage extract plays a vital role in its better application
and further improvement as a dispersant.
It is of practical importance to investigate the effect and mechanism of the synergy of dlimonene and silica nanoparticles with cactus mucilage extract on the dispersion process of crude
oil. Through the synergy of d-limonene and silica nanoparticles, the dispersion effectiveness of
cactus mucilage extract and the stability its O/W emulsion can be significantly improved. This
new dispersant system overcomes the disadvantages of low dispersion efficiency and poor stability
of conventional natural surfactants.
Studies on the toxicity of cactus mucilage extract and the extract-based dispersant are
fundamental to the application of this technology. Non-toxic or low-toxic properties provide the
foundation for the application of this natural surfactant. The toxicity comparison of commercial
dispersants with cactus-based dispersants can further demonstrate the advantages of cactus-based
dispersants in terms of toxicity and environmental impact.
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1.6 Significance
This dissertation is innovative because it is the first to clean up spilled oils with a natural
surfactant, cactus mucilage extract, as an environmentally friendly dispersant. This natural
dispersant is completely non-toxic; it can form highly stable O/W emulsion with small oil droplets;
it minimizes the harmful effects of the dispersant on the marine environment. Through the study
of the mechanism of the synergy of d-limonene and silica nanoparticles with NE, a new dispersant
system based on NE has been developed and studied. This novel dispersant system overcomes the
disadvantages caused by the toxic concern of conventional chemical dispersants and the low
effectiveness of natural dispersants.
NE is non-toxic and biodegradable as a plant-based material. Cactus plants can be
harvested three times each year and grown through sustainable agriculture. They also have the
advantage of not consuming high amounts of water and fertilizer. These advantages of cactus
planting provide the basis and possibility for low-cost mass production of such dispersant.
1.7 Objectives
The overarching goal of this dissertation is to investigate the application of cactus-based
natural dispersants to be implemented in oil spill response strategies.
1) The first objective of this research is to study the dispersion mechanism of NE and
determine its dispersion effectiveness as an alternative natural dispersant.
2) The second objective is to study the synergistic effect of d-limonene and silica
nanoparticles on NE as a dispersant system and improve the dispersion
effectiveness of NE.
3) The third objective is to determine the toxicity of NE and the NE based dispersant
system.
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1.8 Outline
Chapter 1 provides the background of this research work; it introduces the conventional
response methods for oil spills at sea, the history and defects of chemical dispersants, and the main
components and applications of cactus mucilage extracts. This chapter also discusses the
motivation, significance, objectives, and outline of this dissertation.
Chapter 2 describes the extraction methods and suspension-preparation methods of the two
cactus mucilage extracts (NE and GE). The properties of NE and GE were investigated by
observing their main functional groups using ATR-FTIR in this chapter. Digital microscopy and
contrast fluorescent microscopy were used to observe the mucilage cells of Opuntia ficus-indica.
The molecular weight distribution of cactus mucilage extracts was studied using GPC analysis.
Chapter 3 evaluates NE as an effective natural dispersant for spilled oil clean-up operations.
In this chapter, the dispersion mechanism of NE as a dispersant was studied and discussed by using
surface and interictal tension measurement. The various indicators of the NE as a dispersant were
evaluated by using the baffled flask test, turbidity test, and droplet size measurement. The
dispersion effectiveness was measured to study the factors that affect the dispersion efficiency of
the NE, such as the salinity of seawater and the mixing energy.
Chapter 4 studies the mechanism of the synergy of d-limonene and silica nanoparticles
with cactus mucilage extract on the dispersion process of crude oil. In this chapter, the dispersion
efficiency of the NE dispersant was significantly improved with the addition of d-limonene and
silica nanoparticles. The volume ratio among NE, d-limonene, and silica nanoparticles was also
optimized through dispersion effectiveness measurement in this chapter.
Chapter 5 evaluated the toxicity of cactus-based dispersants and COREXIT® EC9500A. In
this chapter, daphnia magna neonates were used as a bioindicator to measure the acute toxicity of
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NE and COREXIT® EC9500A. Neuro2a cell line from mouse neuroblastoma cells was used with
MTT cell viability assay to study the toxicity of COREXIT® EC9500A and cactus-based
dispersants.
Chapter 6 provides a summary of all the results and conclusions of this dissertation.

11

Chapter 2: Characterization of Cactus Mucilage
2.1 Abstract
Opuntia ficus-indica has been studied extensively due to its pharmaceutical potential,
nutritional content, and water purification potential. This chapter aims to study the mucilage in its
leaves. Digital microscopy and contrast fluorescent microscopy were used to observe the mucilage
cells of Opuntia ficus-indica. The cactus mucilage cells were observed to be clear, transparent, and
rich in water. The viscous mucilage can be combined with water to prevent the evaporation of
water. This unique structure helps cactus store moisture and survive in arid environments. The
extraction methods of NE and GE were both introduced in this study. The NE extract was obtained
by a modified method developed by Goycooles et al. [33]. The GE extract was obtained following
a modification of the method proposed by Cardenas [38], Turquois et al. [44], and Medina-Torres
[44]. The properties of NE and GE were investigated by observing their main functional groups.
The samples of NE and GE were prepared by forming a thin film on the ATR crystal to ensure the
contact was sufficient. The ATR-FTIR spectra of NE display the functional groups associated with
the alcohol, carboxylic acid, methyl, esterified galacturonic acid, ether, and cyclic alcohols. The
intermolecular forces of NE-water interface and NE-oil internship have an interesting correlation
with such functional groups. The first difference between NE and GE is that NE had a most intense
band corresponding to the HC-O-H stretch of cyclic alcohols. The second difference is GE showed
several bands related to uronic acid; it indicated GE had more uronic acid content. The molecular
weight distribution of cactus mucilage extracts was studied using GPC analysis. We found that the
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GPC chromatograms of NE and GE both had three main peaks. This result indicated that both NE
and GE were composed of three sizes of compositions, ranging in size from millions to thousands.
2.2 Introduction
Researches on cactus mucilage have received much attention in recent years, especially the
researches using Opuntia ficus-indica (OFI) plant [35, 45-58]. OFI has been extensively studied
due to its potential in the pharmaceutical field [45, 47-49, 52, 53]. Most of the biological effects
of OFI are due to the phytochemical compounds contained in it. Ascorbic acid and phenolics were
found in OFI; they provided OFI the antioxidant properties, which might be useful for human
health [59]. Ramirez-Moreno et al. reported that the loss of ascorbic acid and phenolics can change
the antioxidant capacity of OFI [52]. Diglycosides isorhamnetin-3-O-glucosyl-pentoside (IGP)
extracted from OFI has the potential to inhibit the growth of tumor cells through the apoptotic
pathway [45].
OFI was also heavily researched in food chemistry due to its rich nutrients, such as proline,
glutamine, taurine, polyphenols, vitamin C, and serine [54-58, 60]. Different OFI-based food
products have been developed, such as wine, juices, marmalades, candies, and sweeteners [53, 61].
In addition, OFI also has the ability of adsorption and coagulation-flocculation and has the
potential of wastewater treatment [35, 46, 48]. Buttice et al. reported that the mucilage extracts
from OFI can work as a flocculation agent to remove sediment and bacterial contamination [35].
Fox et al. found that cactus mucilage extracts also had the ability to remove heavy metals, for
example, arsenate (As) [46]. Since cactus is cheap and easy to be obtained, cactus mucilage has
broad application prospects as an inexpensive water purification technology.
Cactus mucilage is a colorless and viscous liquid that exists in the mucilage cells of cactus
and can be combined with water to prevent water evaporation and store the water [62, 63]. Sugars
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were found to be the main compounds in the cactus mucilage. The main ingredients of cactus
mucilage are arabinose, galactose, xylose, and glucose [35, 37-43]. NE contains more sugar
components than GE. The primary sugar in NE is arabinose, but that of GE is glucose [36].
2.3 Experimental Section
2.3.1 Materials and Apparatus
OFI cactus leaves were originally obtained from Tucson, Arizona. Then, they were
replanted in Tampa, Florida. Acetone ACS reagent, ³99.5%, was obtained from Sigma-Aldrich
(St. Louis, MO, USA). Ethanol denatured, CHROMASOLVÒ, for HPLC was obtained from
Sigma-Aldrich (St. Louis, MO, USA). Sodium hydroxide NF/FCC pellets were obtained from
Fisher Scientific (Hampton, NH, USA). Hydrochloric acid TraceMetal Grade was obtained from
Fisher Scientific (Hampton, NH, USA). Sodium chloride, extra pure, was obtained from Acros
Organics. EasiVial PEG/PEO 2 mL GPC/SEC calibration standards were purchased from Agilent
Technologies (Santa Clara, CA, USA).
2.3.2 Digital and Contrast Fluorescent Microscopy
The schematic representation of the cactus mucilage extraction process to obtain gelling
extract and non-gelling extract from OFI cactus pads is shown in Figure 2.1. The cactus pad was
cleaned with water. A thin layer of cactus leaf inner cells was cut and removed. Then, the thin
layer was placed on a glass slide (Esco No. 2961 Microscope Slides) and place a coverslip (Thermo
Scientific 22´22) on the top. One drop of Deionized (DI) Water was dropped onto the edge of the
coverslip. A piece of filter paper was used to absorb the water from the other side of the coverslip
to ensure that the thin layer was evenly covered by water. Digital microscopy (KEYENCE VHX6000) and contrast fluorescent microscope (Eclipse Ti-U, Nikon Instruments, Japan) were used to
obtain microscope images of the samples of cactus mucilage cells. The sample images of contrast
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fluorescent microscope were analyzed with Nikon NIS-Elements Advanced Research Software
Version 4.20.
2.3.3 Extraction of Cactus Mucilage
The cactus pads were cleaned by cutting the brown spots and thorns; they were then washed
with water and dried at room temperature. The clean cactus pads were weighted and diced into 1
cm3 cube and covered with 1% w/v of sodium chloride solution. The mixture of cactus cubes and
sodium chloride solution were stirred and heated until boil. After that, the temperature of the
mixture was decreased to 60 °C and maintained for 20 min. After cooling down to room
temperature, the mixture was liquidized in a blender and neutralized to pH = 7.0 with 1 M sodium
hydroxide solution and 1 M hydrochloric acid. The cactus mixture was separated into precipitate
and supernatant by being centrifuged for 10 min at 4000 rpm with a Fisher Scientific accuSpinTM
400 centrifuge. The supernatant was used for the extraction of NE, and the precipitate was used
for the extraction of GE.
The NE extract was obtained by a modified method developed by Goycooles et al. (Figure
2.1) [33]. The supernatant liquid was filtered with a polyester cloth filter and then mixed with
acetone at a 2/3 volume ratio to precipitate the NE out. The supernatant liquid and acetone mixture
were vortexed with a mixer (Fisher ScientificTM Analog Mini Vortex Mixer) until uniform. Then,
the mixture was centrifuged at 4000 rpm for 10 min to separate the NE precipitate from the
acetone-water solution. In order to remove the remaining cactus pad tissue and impurities, the
precipitate was washed with ethanol/water solution at volume ratios of 70%, 90%, and 100%. The
precipitate was dried at room temperature. In the end, the solid NE particle was ground into powder
with a ceramic mortar after drying and stored in a sealed container at room temperature.
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Figure 2.1 Schematic representation of the cactus mucilage extraction process to obtain gelling
extract and non-gelling extract from Opuntia cactus pads.
The GE extract was obtained following a modification of the method proposed by Cardenas
[38], Turquois et al. [44], and Medina-Torres [44]. The precipitate of the cactus mixture was
dissolved with the extraction solution, which was prepared by mixing 50 mM sodium hydroxide
and 0.75% sodium hexametaphosphate at 1/1 volume ratio; the mixture was stirred for one hour
and then centrifuged at 4000 rpm for 10 min. Subsequently, the pH value of the supernatant liquid
was adjusted to 2.0 using 1 M hydrochloric acid. After precipitating overnight in a fume hood at
room temperature, the mixture was centrifuged and separated. DI water was added to cover and
re-suspend the precipitate. In order to dissolve the precipitate, the pH value of the mixture was
increased to 8.0 with 1M sodium hydroxide solution. After being filtered with a polyester cloth
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filter, the GE was precipitated with acetone at a 2/3 volume ratio. In the end, GE was washed with
ethanol-water solution, dried at room temperature, and ground into powder as for NE.
2.3.4 NE Suspension Preparation
In order to prepare a 5 g/L of NE stock suspension, 50 mg of NE powder was added into
10 mL of DI water. After hydrating 5 min, a 15 mL tissue grinder (WHEATONÒ Industries, Inc.)
was used to homogenize the NE-water mixture. The NE stock suspension was stored in a sealed
container at 5 °C until use. The final NE stock suspension was vortexed before each use.
2.3.5 ATR-FTIR Characterization
ATR-FTIR analysis was performed for NE to study its chemical compositions. Initially, 50
µL of the 5 g/L NE stock suspension was transferred onto a multi-reflection ATR zinc selenide
(ZnSe) plate (Pike Technologies, Madison, WI); the smeared NE suspension was then dried with
nitrogen. Figure 2.2 shows the schematic of the preparation of the NE thin film on the ZnSe plate.
The spectral of NE was collected using a Nicolet 6700 FT-IR spectrometer (Thermo Electron
Corporation) and observed on absorbance mode in a resolution of 4 cm-1 and a wavenumber range
of 400-4000 cm-1. The NE spectral was analyzed with OMNIC Software Suite for FT-IR, NIR,
and Raman Spectroscopy Version 8.1 (Thermo Scientific).
2.3.6 GPC Characterization
GPC analysis was conducted to study the molecular weight distribution of NE. A
concentration of 0.25 mg/mL of NE solution was prepared and filtered with a 0.45 µm filter
membrane (Fisher Scientific). The NE solution and calibration standards were injected into an
Agilent 1260 Infinity GPC (Agilent Technologies) including a high-performance degasser
(G4225A), a manual injector (G1328C), an isocratic pump (G1310B), a thermostatted column
compartment (G1316A), and a refractive index detector (G1362A). The column was a PL aquagel17

OH SEC analytical column (Agilent Technologies). The run-length was 29.7 min; the injected
volume was 20 µL. The results were calculated and analyzed with an Agilent GPC/SEC Software
Version 1.2.
2.4 Results and Discussion
2.4.1 Microscopy Images of the Cactus Mucilage Cells
Mucilage cells are the most common cells in cactus, and they have the function of helping
cactus retain and store water [62, 63]. We observed that the cactus mucilage cells were clear,
transparent, and rich in water. The viscous mucilage can be combined with water to prevent the
evaporation of water. This special feature allows cactus to survive in arid environments. Like
almost all secretory cells, mucilage cell is a parenchyma cell. NE mainly exists in the parenchyma
and chlorenchyma [36, 64]. As shown in Figure 2.2, mucilage cells only have a thin primary wall,
but the wall has enough strength to hold the mucilage and prevent mucilage leaks. As the mucilage
cells develop and grow, the mucilage gradually accumulates in the cells, while the protoplasts
gradually shrink. Eventually, the protoplasts die due to their small volume, and the mucilage cells
are filled with mucilage [65].
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(a)

(b)

(c)

Figure 2.2 Images of cactus mucilage cells by digital microscopy (a and b) and contrast fluorescent
microscope (c).
2.4.2 Functional Groups of Cactus Mucilage Extracts
ATR-FTIR spectra is a powerful tool for the characterization of bio-materials because it
provides a chemical fingerprint of the sample by correlating the characteristic absorbance and
molecular vibration [66-72]. The properties of NE were investigated by observing its main
functional groups. ATR-FTIR depends on the contact between the measured sample and the
Attenuated total reflectance (ATR) crystal. An evanescent wave is produced when the infrared
(IR) beam is reflected and focused on the surface of contact [73]. Hence, the contact between the
sample and ATR crystal directly affects the measurement. Before observing the ATR-FTIR
spectra, a NE thin film was prepared to ensure the contact between the NE material and ATR
crystal was close enough for the measuring.
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Figure 2.3 ATR-FTIR absorption spectra of NE thin film in frequency region of 4000-800 cm-1,
showing the corresponded bands -OH (3346 cm-1), -CH3 (2918 cm-1), COO- (1576 and 1400 cm1
), and COC (1244 cm-1).
As shown in Figure 2.3, the absorption spectra of NE were from 4000-800 cm-1; it shows
a broad peak at 3346 cm-1 and approximately ranges from 3700-3000 cm-1 corresponding to the
stretching vibration of alcohol and carboxylic acid hydroxyl (-OH) groups. The next peak is the
methyl (-CH3) stretching at 2918 cm-1 ranging from 3000-2800 cm-1, which is from the esterified
galacturonic acid residues. The bands at 1576 and 1400 cm-1 corresponds to the antisymmetric and
symmetric COO- stretch vibration of carboxylic acid salts. The band at 1244 cm-1 is due to C-OC ether stretching vibration. The most intense peak is at 1036 cm-1, corresponding to the HC-O-H
stretch of cyclic alcohols. The ATR-FTIR spectra of NE display the functional groups associated
with the alcohol, carboxylic acid, methyl, esterified galacturonic acid, ether, and cyclic alcohols.
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The intermolecular forces of NE-water interface and NE-oil internship have an interesting
correlation with such functional groups [74].

Figure 2.4 ATR-FTIR absorption spectra of GE thin film in frequency region of 4000-800 cm-1,
showing the corresponded bands -OH (3280 cm-1), -CH3 (2918 cm-1), COO- (1605 and 1412 cm1
), and COC (1238 cm-1).
The absorption spectra of GE from 4000-800 cm-1 were similar to that of NE, as shown in
Figure2.4. The similar peak at 3280 cm-1 and approximately range from 3700-3000 cm-1
corresponded to the stretching vibration of alcohol and carboxylic acid hydroxyl (-OH) groups.
The same peak at 2918 cm-1 is the methyl (-CH3) stretching, which is also from the esterified
galacturonic acid residues. The bands at 1605 and 1412 cm-1 corresponds to the antisymmetric and
symmetric COO- stretch vibration of carboxylic acid salts. GE also has a similar band at 1238 cm1

, which is the C-O-C ether stretching vibration. There are two main differences between the
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absorption spectra of NE and GE. NE has a most intense band at 1036 cm-1, corresponding to the
HC-O-H stretch of cyclic alcohols. GE has several bands from 1138 to 958 cm-1. Coimbra et al.
report that these bands corresponded to the uronic acid from pectic polysaccharides [75]. This
result implies that GE had more uronic acid compared with NE.
2.4.3 Molecular Weight Distribution of Cactus Mucilage Extracts
GPC analyses of the cactus mucilage extracts were conducted to study their molecular
weights and molecular weight distribution. GPC separates substances based on their size or
hydrodynamics; it differs from other techniques that rely on chemicals or physical interactions to
separate analytes [76]. The GPC column is packed porous beads that make it easier for the small
analytes to enter, causing them to spend more time passing through the column, increasing their
retention time. Large molecules are not able to permeate all of the pores, with a shorter residence
time in the column. Hence, analyzed molecules are separated according to their molecular size
[77-82].
The calibration curve and the chromatogram of both NE (a) and GE (b) solution presented
in Figure2.5 were plotted as a function of retention time. The GPC calibration curve for the column
set was produced by relating the logarithm of molecular weight to retention time. The points of
the standard solutions fitted the calibration curve very well, with a linear correlation coefficient
value of -0.99823. The selected column provided a sufficient resolution for both NE and GE
solutions. There were three peaks in each chromatogram, which can be easily identified.
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Figure 2.5 GPC chromatograms of NE (a) and GE (b) solution and calibration standard curve
obtained with a refractive index detector showing the molecular weight distribution of cactus
mucilage extracts. The concentrations of NE and GE solutions were both 0.25 mg/mL; the runlength of NE was 29.7 min; the run-length of GE was 40.93 min.
The molecular weight distribution parameters of NE solution, such as peak molecular
weight (Mp), number average molecular weight (Mn), weight average molecular weight (Mw), and
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polydispersity (PD) were shown in Table 2.1, and that of GE were shown in Table 2.2. Mp was
calculated by transferring the sample elution volume to the peak apex; it only represented the single
peak apex of the sample and was not sufficient to characterize the whole sample. Mn and Mw were
calculated to provide more information. Mn can give the flexibility information of the NE solution;
Mw can provide the strength of the NE solution. The three distinct peaks in Figure2.5 showed that
NE solution was composed of three sizes of compositions, ranging in size from ten million to
thousands. Similarly, the chromatogram of GE solution also showed that GE has three different
sizes of components, ranging in size from ten million to thousands. From the comparison between
NE and GE, we found that NE had a larger size of molecular weight on peak 2; but the molecular
weights of peak 1 and 3 of NE were both smaller than that of GE.
Table 2.1 Molecular weight distribution parameters of NE solution by GPC.
MW

Peak 1

Peak 2

Peak 3

M
p (g/mol)
Averages
Mn (g/mol)

20,262,442

510,598

446

29,174,388

546,398

1,079

Mw (g/mol)

56,776,557

665,230

7,402

PD

1.946

1.217

6.860

Table 2.2 Molecular weight distribution parameters of GE solution by GPC.
MW

Peak 1

Peak 2

Peak 3

M
p (g/mol)
Averages
Mn (g/mol)

113,546,907

319,733

353

32,856,138

327,197

681

Mw (g/mol)

94,576,234

449,949

2,703

PD

2.878

1.375

3.969
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2.5 Conclusion
The cactus mucilage cells were observed with a digital microscopy and a contrast
fluorescent microscopy. We found that the cactus mucilage cells were clear, transparent, and rich
in water. They have the function of helping cactus retain and store water.
Two different extraction methods were introduced in this chapter. The difference between
the two methods is whether or not to use the extraction solution. Non-gelling mucilage extract
(NE) was obtained without using the extraction solution. Gelling mucilage extract (GE) can be
obtained by using the extraction solution. NE and GE are derived from different tissues of cactus
leaves.
The ATR-FTIR spectra of NE and GE were significantly similar. Both of them had
functional groups associated with alcohol, carboxylic acid, methyl, esterified galacturonic acid,
and ether. Two notable differences were found between the spectra of NE and GE. The main band
at 1036 cm-1 indicated NE had a content of cyclic alcohol. The bands from 1138 to 953 cm-1
showed that GE had a content of uronic acid.
The molecular weight distribution of NE and GE solution was studied using GPC analysis.
The GPC chromatograms of NE and GE solution both showed three main peaks, which indicated
that NE and GE solutions were both composed of three sizes of compositions, ranging in size from
ten million to thousands. NE had a smaller molecular weight and peak 1 and 3; GE had a smaller
molecular weight on peak 2.
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Chapter 3: Interfacial Phenomena of Natural Dispersants for Crude Oil Spills1
3.1 Abstract
A natural surfactant was studied to simulate the dispersion process of crude oil in water.
The interfacial phenomena of this natural dispersant was compared with a commercially-available
chemical dispersant, COREXITÒ EC9500A. This functional surfactant was extracted from the
mucilage of the Opuntia ficus-indica cactus species. The evaluation to determine the efficacy to
disperse crude oil of the cactus-based mucilage extract (non-gelling extract, NE) was based on
characterizing surface and interfacial tension, dispersion efficiency, mixing effects, salinity
effects, stability, and droplets size distributions. We found that surface tension values follow a
linear relationship with respect to the natural logarithm of the concentrations of NE. The
application of NE in the water phase led to decreasing oil-water interfacial tensions. Surface
tension tests were also used to quantify the effect of oil-in-water (O/W) emulsion ratios once either
natural or commercialized dispersants were added. A key finding of our work is that the surface
tension between typical 6% and 3% v/v O/W emulsions was significantly reduced with the addition
of discrete amounts of NE. This result indicated that the dynamic balance between O/W and waterin-oil (W/O) emulsions was thermodynamically more stable toward O/W emulsion states with NE.
We also found that O/W emulsions with higher dispersion effectiveness were formed for both 10
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This chapter was published in Langmuir. “Interfacial Phenomena of Natural Dispersants for
Crude Oil Spills” Guo, Fei, et al., 2019, Langmuir, doi: 10.1021/acs.langmuir.9b02036, Copyright
© 2019 by American Chemical Society. Permission is included in Appendix B.
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and 35 Practical Salinity Units, as the dispersant to oil ratios increased, with a significant
correlation to the mixing energy. We observed that the O/W emulsions with natural dispersants
had a significantly smaller weighted average diameter compared to those with COREXITÒ
EC9500A. Such phenomenon can be explained by understanding intermolecular interactions due
to the structure and type of dispersant. In conclusion, cactus-based mucilage extracts could be used
as environmentally-benign dispersants and, therefore, reduce negative social perceptions of the
application of dispersants to clean up spilled oil.
3.2 Introduction
The 2010 Gulf of Mexico oil spill produced extensive damage to marine and wildlife
habitats. The volume of the released oil was approximately 210 million US gallons in total from
April 20 to July 15 [16]. The spilled area contained 8,331 species of plants and animals [83]; the
oil slick stopped marine birds from flying by getting caught in their feathers, and it suffocated fish
[5]. Dispersing crude oil is a rapid-response method for oil spills in surface waters near ports, oil
containers, or in the open sea because the leaked crude oil can be dispersed and diluted from the
ocean surface by entering the water column as oil/dispersant/water droplets.[84-88] Such droplets
can then be biodegraded by bacteria naturally and removed from the contamination site. It is
estimated that 7,000 m3 of chemical dispersants were used in Gulf of Mexico oil spill [89] at the
surface and at the 1,552 m deep at the rig site [90]. However, the application of extremely high
amounts of chemical dispersants has the potential of being toxic and could be detrimental to marine
life and the environment [91-96].
That said, the effect of dispersants is preferred as a quick clean-up operation of spilled oil
because the surfactants in the dispersants can reduce surface tension and increase the contact area
between oil and water to form droplets that are then readily-available for bacteria degradation [97].
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Having crude oil without dispersion is more damaging to the environment [20], because oil is
hardly soluble in water under natural conditions, especially crude oil, as it is composed of highly
hydrophobic molecules such as non-ionic saturated hydrocarbons, aromatics and benzothiophenes,
resins, and insoluble asphaltenes, to name a few. Oil components are non-polar and incapable of
forming H-bonds with water molecules [98, 99]. The hydrophobicity of the air-water interface
also influences hydrophobic interaction, because the structure and orientation of water molecules
close to the surface increase the hydrophobic effect and surface energies [100-102]. Surfactants
are molecules designed with a hydrophilic head (polar) and an oleophilic tail (non-polar); thus,
they can transfer to the interface when applied to oil-water mixtures and tiny oil droplets are
surrounded by surfactants and dissolved into water [20, 23]. When oil is spilled, mixing action of
the waves combines oil and water to form oil-in-water (O/W) emulsions or water-in-oil (W/O)
emulsions. In the case of dispersants, they drive the balance between O/W and W/O emulsions
strongly toward forming O/W emulsions [24].
Dispersants as a remediation procedure for oil spills in the ocean also may have a negative
social connotation, as very often they are correlated to exhibit high toxicity levels to marine
environments [24]. The first generation of dispersants was made up of degreasing solvents. During
the Torry Canyon oil spill in England in 1967, the first generation of dispersants had a significant
impact on the marine and coastal environment by causing a massive kill-off of fish [25]. The
second generation (conventional dispersants) contain a low surface-active agent and aromatic
solvents, have to be applied undiluted, and require high dispersant-to-oil ratios (DORs) [23]. The
third generation, known as concentrated dispersants, are designed with a much higher surfactant
content than the older generations [23]; COREXITâ EC9527 and 9500A are the major third
generation of dispersants used in the U.S. [25]. Although dispersants have evolved to a third
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generation, their toxicity is still an important concern. COREXITâ EC9527 is considered an acute
health hazard by the U.S. Environmental Protection Agency (EPA) and is an eye and skin irritant
that might injure human red blood cells, kidney, and liver [27]. COREXITâ EC9500A can affect
the central nervous system by crossing the blood brain barrier and permeating the brain [29-31]. It
also has been found that the activity of the microorganisms that degrade the oil would be inhibited
with chemical dispersants [32]. There is evidence that the biodegradation of spilled oil in the Gulf
of Mexico has not been accelerated with the application of chemical dispersants [32].
This research centered on using natural dispersants extracted from a cactus plant to
formulate O/W emulsions. NE (non-gelling extract) and GE (gelling extract) are extracted from
the mucilage of the Opuntia ficus-indica cactus (also named prickly pear or nopal), which can be
grown and produced through intensive, sustainable farming. These extracts have the advantage of
being non-toxic and biodegradable. Cactus mucilage is a colorless and clear liquid found in the
pads of cactus plants; its main use is in storing water for the subsistence of the plant [33]. NE is
found mainly in the parenchyma and chlorenchyma of cactus cladodes [36, 103]. The main
compounds in NE are neutral sugars, carbohydrates, and proteins [35, 37-40, 42, 43, 104, 105].
Majdoub et al. found that the proteins in the cactus mucilage, especially arabinogalactan protein
macromolecular, played an important role to lower the oil-water interfacial tension and formed
oil-in-water emulsions [33, 106-109]. Such structures have shown an interesting correlation with
the main intermolecular forces found in surfactants and hydrophobic entities, as described by Gee
and Israelachvili [74]. Such studies corroborate that the effects of water seen with natural
dispersants to produce smaller droplets is a result of surfactant-type sugars to increase the fluidity
of hydrocarbon molecules as a function of the hydrophobic lyophilic balance (HLB) being driven
towards forming O/W emulsions. Cactus extracts formed O/W droplets smaller than those by
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COREXITâ EC9500A. Similar results were found between both extracts of the cactus, NE and
GE extracts; however, NE performance as a dispersant was better than GE and, therefore, most of
our results herein show the surface active properties and interfacial phenomena of the NE natural
dispersant.
3.3 Experimental Section
3.3.1 Materials and Apparatus
Marlin platform crude petroleum oil (Surrogate, SO-20111116-MPDF-003, OL-Oil,
A0054M) supplied by British Petroleum (BP) was used as a surrogate of Macondo oil. Instant
Oceanâ sea salt was obtained from Instant Ocean Spectrum Brands. COREXITâ EC9500A was
provided by NALCO Environment Solutions LLC. Dichloromethane (DCM) (99.5%) was
obtained from Sigma-Aldrich. Dodecane, anhydrous (99%) was purchased from Sigma-Aldrich.
The 125 mL-baffled flasks were manufactured by the Department of Chemistry and Biochemistry
from the University of California–Santa Barbara. Standard-wall unthreaded PVC pipe for water
and clear PVC sheeting used for making the columns were obtained from McMASTER-CARRâ.
Cactus mucilage was extracted from cactus pads by crushing, heating, centrifugation, precipitation
with ethanol, and drying as described elsewhere [35, 36, 46, 110-113].
3.3.2 Preparation of Mucilage Stock Suspension
Mucilage solutions were prepared by mixing 50 mg of NE powder into 10 mL of deionized
water (DI) and left to hydrate for 5 min; the mixture was then homogenized in a 15 mL tissue
grinder (WHEATONâ Industries, Inc.). The final NE stock suspension (5 mg/mL) was then
transferred to a 15 mL centrifuge tube and stored at 5 °C until the time of use. The NE stock
suspension was vortexed (Fisher ScientificTM Analog Mini Vortex Mixer) each time before use.
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The COREXITâ EC9500A has a reported density of 947.83 mg/mL and was used as received
[114].
3.3.3 Preparation of Synthetic Seawater
To mimic natural salinity conditions found in the sea, 10 g and 35 g of Instant Oceanâ sea
salt were dissolved into 1 L of DI to prepare the 10 and 35 PSU (practical salinity units) synthetic
seawater-based solutions. The synthetic seawater was stirred for 72 h to ensure that all the salt
mixture was completely dissolved. The synthetic seawater was stored at 5 °C until the time of use.
3.3.4 Surface Tension and Interfacial Tension Measurements
The method to prepare the NE in a water sample was the same as the preparation of the NE
stock suspensions. The concentrations of NE ranged from 0.002 to 0.024 g/mL. The NE aqueous
phase-air (𝛾#$ ) surface tension was measured by a Sigma 701 Tensiometer (KSV of Finland)
through the Du Nouy ring method. Each test was repeated three times. Data were digitalized and
recorded by a Print Data Recorder (Model PDX-R).
Interfacial tension measurements were performed with a KSV CAM 101 instrument (KSV
Ltd., Finland) using the pendant drop experimental setup [85, 86, 115]. Dodecane was used as the
oil phase to be consistent and to be able to compare results with previous published work [85, 86].
Aqueous phase solutions with NE in DI water or in synthetic seawater at different concentrations
were prepared. The interfacial tension (𝛾%$ ) between the oil phase and aqueous phase for each
NE concentrations was determined using the Young/Laplace equation by experimentally analyzing
the dodecane droplet shape as described by Chen et al. [115]. Each dodecane droplet was allowed
to equilibrate in the NE aqueous phase for 2 min [85]. Each measurement was taken at 1 second
intervals and repeated 10 times. Each concentration was tested in quintuplicates.
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Surface tension testing was used to quantify the variation of the surface-active properties
between the O/W emulsion and air with COREXITâ EC9500A and NE stock suspensions. The
total volume of each O/W sample was 10 mL. The volume ratios between the crude oil and the
total volume of the dispersed O/W emulsion were 3 and 6% v/v. A volume of 0.3 or 0.6 mL of
crude oil was added to an appropriate amount of 35 PSU synthetic seawater. Different DORs by
mass—1/20, 1/50, 1/100, and 1/200—of dispersed O/W emulsion were prepared by adding an
appropriate amount of COREXITâ EC9500A or NE stock suspension on the top of the crude oil
and mixed (Suntone, The Old Fashioned Milkshake Maker Model: KT-MM) in a crystallizing dish
(VWR Crystallizing Dish 216-0063 50 mm) at 12000 rpm for 30 sec. Then, the surface tension
between the dispersed O/W emulsion and air was measured by a Sigma 701 Tensiometer (KSV of
Finland) through the Du Nouy ring method. Each test was repeated five times. The same method
was used to prepare the control group, but without adding any dispersants.
3.3.5 Baffled Flask Testing
A baffled flask test (BFT) is a laboratory-scale test for measuring dispersion effectiveness
developed by the U.S. EPAs Office of Research and Development [116]. This method was used
as a substitute for the swirling flask test and is the official test for evaluating dispersant products
[117]. BFT resembles mixing at sea because the turbulence in the baffled flask is similar to that
occurring at sea [118]. BFT was used to quantify the dispersion effectiveness of NE and
COREXITâ EC9500A. Three stock solutions of dispersant (control, NE, and COREXITâ
EC9500A)-oil mixture in DCM were prepared by mixing 2 mL of crude oil and an appropriate
amount of dispersant to 18 mL of Instant Oceanâ synthetic seawater. The DOR by mass of the
dispersant-oil mixture in DCM was 1/50. An appropriate amount of the dispersant-oil mixture in
DCM was transferred into a 125 mL separatory funnel and mixed with 30 mL of synthetic
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seawater. The oil was extracted at least three times by adding 5 mL of DCM for each extraction.
In the end, an appropriate amount of DCM was added to each oil standard to ensure that the volume
was 20 mL. The six calibration concentrations of the oil standards were 0.09, 0.2, 0.4, 0.7, 0.9, and
1.3 mg/mL. Each oil standard was measured with a UV-VIS spectrophotometer (PerkinElmer
Lambda 35 UV/VIS Spectrometer, PerkinElmer, Inc.). The range of the wavelength used was from
340 to 400 nm. Afterward, linear regression was applied to generate the calibration curve by using
absorbance and the corresponding concentration for each oil standard.
Initially, 50 𝜇L of crude oil was transferred to the surface of 60 mL of synthetic seawater
in each flask. A specific volume of tested dispersant was added to the center of the oil layer. The
baffled flask was placed on the shaker (Lab-line orbit environ-shaker, Lab-line instruments, Inc.)
at 200 rpm for 10 min; it was then inverted three times to release the oil that attached on the
stopcock. After settling down for 10 min, the initial 2 mL of the mixture was drained from the
stopcock before collecting a sample. A volume of 30 mL of the mixture was obtained and then
extracted with 5 mL of DCM three times. An appropriate amount of DCM was added to each
extracted sample to ensure the volume was 20 mL. Each extracted sample was quantified with
UV-VIS spectrophotometer. The range of the wavelength used was from 340 to 400 nm. The
DORs by mass were 1/20, 1/35, 1/50, 1/75, 1/100, and 1/200 w/w. Finally, the dispersed oil mass
was calculated, and the dispersion effectiveness of each dispersant at different DORs was
quantified.
3.3.6 Turbidity Testing
A turbidity test was applied to quantify the emulsion stability of NE compared with
COREXITâ EC9500A. The inner diameter of the column was 3 inches, and the height was 5
inches. The column had a valve at the bottom wall. The distance between the valve to the bottom

33

was 1 inch. The total volume of the dispersed O/W emulsion was fixed at 730 mL. The volume
ratios of the crude oil to the total volume of the dispersed O/W emulsions were 3 and 6% v/v. The
DOR by mass was 1/50. A volume of 21.9 mL crude oil was added to a specific volume of the
synthetic seawater. Then, an appropriate volume of dispersant was added to the center of the oil
layer. The dispersion was mixed (Suntone, The Old-Fashioned Milkshake Maker Model: KT-MM)
at a stirring speed of 12000 rpm for 1 min; 15 mL of sample was collected from the bottom valve
at sampling times—15 min and 1, 3, 6, and 12 hours. The turbidity of the sample was measured
with a Turbidimeter (HACH, 2100Q Portable Turbidimeter). The sample was diluted 10 or 100
times if its turbidity was over range. The Turbidimeter was calibrated with portable Turbidimeter
sample cells. Turbidity was measured in Nephelometric Turbidity Units (NTU).
3.3.7 Droplet Size Measurement
The concentration of the NE natural dispersant stock suspension used for droplet size
measurement was 25 mg/mL. The total volume of each dispersed O/W emulsion sample was 50
mL. The volume ratio of the crude oil to the total volume of the dispersed O/W emulsion was 6%
v/v. The DORs by volume were 1/20, 1/10, 1/3, 1/1.5, and 1/1 v/v. A volume of 3 mL crude oil
was added to a specific volume of synthetic seawater. Then, an appropriate volume of NE natural
dispersant stock suspension was added to the center of the surface of the crude oil. Each dispersed
O/W emulsion was vortexed for 5 seconds. A 1 mL of sample was collected from the bottom and
vortexed for 5 additional seconds. At the end, a volume of 20 𝜇L of the dispersant/oil/water system
was collected and placed on a microscope slide (CORNINGâ 2948-75x25). The samples were
used immediately after vortex mixing to make sure all the samples were at full dispersion
efficiency levels. Then, the samples were covered with a microscope cover glass (Thermo
Scientific 22x22). The images of samples were obtained by a BARSKAâ digital microscope
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(model number: AY11374). ROOTEDGE (U.S. Department of Agriculture freeware) was used to
analyze the images.
3.4 Results and Discussion
3.4.1 Surface Tension and Interfacial Tension
Reduction of surface tension is the property of amphiphilic molecules being transferred to
the water surface. The surfactant properties of the NE natural dispersant were evidenced by its
ability to reduce the surface tension of water. Figure 3.1 shows that there was a linear relationship
between the surface tension and the natural logarithm of the concentrations of NE. As the
concentrations of NE increased, the surface tension of air/water decreased from 71.49 ± 0.28
mN/m to 60.46 ± 0.07 mN/m until the critical micelle concentration (CMC) was reached. It was
found that the CMC of NE is 0.018 g/mL. In addition, the surface excess (Γ) 2.105×10-6 mol/m2
and the effective area per molecule 78.91 Å were then calculated (See Appendix A for
calculations).

Figure 3.1 Surface tension (gAW) between air and water at various concentrations of NE; measured
surface tension of DI was 72.13 ± 0.24 mN/m. The CMC of NE was determined to be 0.018 g/ml.
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Figure 3.2 Dodecane-water interfacial tension (gOW) at various concentrations of NE; measured
dodecane/DI water interfacial tension was 52.774 ± 0.339 mN/m and dodecane/synthetic seawater
was 45.947 ± 0.239 mN/m. As the concentration of NE increases, the interfacial tension for
dodecane-aqueous solutions decreases. The effect is accelerated by the presence of ions in the
seawater-like aqueous phase. Higher concentrations (≥ 10 mg/ml) of NE were also tested;
however, the high turbidity of the system limited this technique as the drops could not be analyzed
with the same precision.
Another important parameter that is used to characterize dispersants is the interfacial
surface tension (𝛾%$ ). Figure 3.2 shows the interfacial tension (𝛾%$ ) between dodecane and
aqueous phases at various concentrations of NE. The error bars represent the standard deviation of
five replicates. It was observed that the dodecane-water 𝛾%$ decreased as the concentrations of
NE increased. The application of NE in the water phase decreased the interfacial tension (𝛾%$ )
between dodecane and water. The effect is higher when synthetic seawater was used, which
indicates that the presence of ions enhances the interaction between the oil and dispersant. This
result is consistent with results presented in Worthen et al. [85].
Surface tension between the surfactant emulsion and air can reflect the movement of the
dynamic balance between O/W and W/O emulsions with the application of dispersants. The lower
surface tension can enhance the dispersion of oil into water since it is easier for the oil to be broken
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into droplets. The NE natural dispersant stock suspensions were tested and compared with
COREXITâ EC9500A.
The surface tension measurements between O/W emulsions and air with dispersants at
different DORs for 3% volume ratio of crude oil are shown in Figure 3.3a. The error bars represent
the standard deviation of five replicates. The surface tension of the control group, which are O/W
emulsions without any dispersant, was 48.26 ± 0.65 mN/m. The surface tension of the O/W
emulsions with COREXITâ EC9500A decreased to 29.26 ± 0.53 mN/ m and did not change with
DOR. It was observed that the surface tensions of the O/W emulsions with NE were lower than
the control group due to the application of NE. Compared with the control group, the emulsion
balance with NE was moved toward the O/W emulsion regime. Additionally, as the DORs
increased from 1/200 to 1/20, emulsions with lower surface tensions were formed due to increasing
concentrations of NE. When the DOR reached 1/20, the surface tension of the O/W emulsion with
NE was similar to that with COREXITâ EC9500A, both of which were ~30 mN/m.
Figure 3.3b shows the surface tensions of O/W emulsions with dispersants with different
DORs for the 6% volume ratio of crude oil. The surface tension of the control group was 48.23 ±
0.48 mN/m, which was close to that at 3% v/v. The surface tension of the O/W emulsion with
COREXITâ EC9500A was 28.54 ± 0.40 mN/m. It was observed that the surface tensions of O/W
emulsion with NE at 6% v/v was reduced to 30.94 ± 0.91 mN/m for all DORs (ranging from 1/200
to 1/20), which indicates that, at this volume of oil, the NE dispersions are also independent of
DOR as those with COREXITâ EC9500A. Comparing 3% and 6% v/v, it can be seen that the
surface tension values of the O/W emulsion were inversely proportional to the DORs for the lower
volume ratio of oil (3% v/v). As analyzed later, the obtained results from the baffled flask test and
the surface tension tests showed that the NE natural dispersant enhanced the dispersion process of
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crude oil by reducing the surface tensions of O/W emulsions. In fact, with the application of the
NE natural dispersant, the surface tension values between O/W emulsion and air were significantly
reduced, and it was easier to form stable O/W emulsions, resulting in more oil being dispersed into
the water phase.

Figure 3.3 Surface tension between O/W emulsions in synthetic seawater (35 PSU) and air for
control (black circles), NE (blue squares), and COREXITâ EC9500A (red diamonds). Control
group was only oil and synthetic seawater; oil-to-total emulsion volume ratios were 3% (a) and
6% (b).
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3.4.2 Dispersion Effectiveness Measurement
The baffled flask testing was performed to investigate the effect of NE natural dispersants
on the dispersion process with three environmental factors. The percentage effectiveness of the
dispersion was the parameter of study for this experiment. The DORs by mass were 1/200, 1/100,
1/75, 1/50, 1/35, and 1/20 w/w. The salinities of the synthetic seawater were 10 and 35 PSU. The
mixing speeds for this type of measurements were 150, 200, and 250 rpm. The dispersant
efficiencies of COREXITâ EC9500A as measured with BFT at DORs 1/20, 1/50, and 1/100 w/w
in 35 PSU synthetic seawater are 96.20% ± 0.02%, 96.97% ± 0.03%, and 70.44% ± 0.00%,
respectively. COREXITâ EC9500A was more effective than NE both at 10 and 35 PSU.
The percentage effectiveness of the dispersion was calculated by the following equations:
𝐸% =
/

𝑀=0

,,

(3.1)
(3.2)

where, 𝐸% is the percentage of effectiveness of dispersion, 𝑀1 displays the mass of dispersed oil,
and M represents the mass of total injected oil. The mass of total injected oil was calculated using
Equation 3.2, in which 𝜌 is the density of the crude oil, mg/𝜇L and V is the total volume of the oil
injected (50 𝜇L).
0

𝑀1 = 𝐶45, × 𝑉45, × 089

:9

(3.3)

where, 𝐶45, is the concentration of the oil in DCM, 𝑉45, is the final volume of the DCM sample
after the three times extractions, 𝑉;< is the total volume of the synthetic seawater added to the flask
(60 mL), and 𝑉=< is the volume of water sample from extraction (30 mL).
𝐶45, = 𝐴 × 𝑠 + 𝑖

(3.4)
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The concentration of the oil in DCM is calculated using Equation 3.4, in which A is the
area of each sample, s is the slope of the calibration curve, and i is the intercept of the calibration
curve.
3.4.3 Effect of Dispersion-to-Oil Ratio (DOR) on Dispersion Effectiveness
The effect of DOR on dispersion effectiveness with NE natural dispersant was studied with
the BFT. Figure 3.4 shows the relationship between dispersion effectiveness and DORs. It was
found that as the DOR increased from 1/200 to 1/50, emulsions with higher dispersion
effectiveness were formed for both at 10 and 35 PSU. For DORs higher than 1/50, the dispersion
effectiveness was found to remain constant. Increasing the amount of NE caused a reduction of
the interfacial tension of O/W emulsions, which made it was easier to form oil/dispersant droplets.
Equation 3.5 shows the relationship between the interfacial area and the interfacial tension [119].
$C

𝐴% ⁄ $ = D

E ⁄F

(3.5)

where 𝐴%⁄$ is the interfacial area (cm2), 𝑊H is the mixing energy (ergs), and 𝛾%⁄$ is the
interfacial tension (dynes/cm).

Figure 3.4 BFT dispersion effectiveness of NE with 10 (blue diagonal stripes) and 35 (red grid)
PSU synthetic seawater and crude oil in different DORs.
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Figure 3.4 shows how the dispersant effectiveness varies as a function of DOR when the
mixing energy is maintained constant at 200 rpm for 10 min. It was observed that a lower
interfacial tension leads to a higher interfacial area; as the interfacial area is inversely proportional
to interfacial tension, the dispersant effectiveness is higher. This higher interfacial area caused a
smaller droplet size for these O/W emulsions and allowed more oil to be dispersed into the water;
hence, the higher DORs of natural dispersants increased the dispersion effectiveness.
3.4.5 Effect of Salinity of Seawater
The salinity of seawater has a significant effect on dispersion effectiveness; however, the
relationship between salinity and dispersion effectiveness differs depending on the dispersant type
[120-123]. To determine such effect, the application of NE natural dispersants also was studied for
two different salinity conditions, 10 and 35 PSU. Even though the dispersant effectiveness
increased for DORs higher than 1/75 for both salinity conditions, it was observed that NE
performed slightly better at 10 PSU compared to 35 PSU because the effectiveness at 10 PSU with
each DOR was higher than that at 35 PSU, as illustrated in Figure 3.4. The different performance
of NE in 10 and 35 PSU is due to the influence of salt ions on the hydrophilic lipophilic balance
(HLB). Therefore, HLB values of a surfactant can affect dispersion effectiveness [124]. In this
case, NE showed a higher potential to be applied to treat an oil spill in low salinity seawaters and
even in freshwater conditions. The average salinity of global seawater is 35.5 PSU, but that of the
mouth of a river is less than 15 PSU [125].
3.4.6 Effect of Mixing Energy
Studies have shown that the change of Gibbs free energy controls the process of dispersion.
The application of mixing energy, considered an external source in this study, is an effective way
to achieve a successful dispersion process. Although Gibbs free energy of the dispersion process

41

can be reduced with the application of dispersant, it is always a positive change with the mixing
energy [126].

Figure 3.5 BFT dispersion effectiveness of NE with different mixing speeds in DORs—1/50 (blue
stripes), 1/35 (red grid), and 1/20 (orange diagonal stripes).
Figure 3.5 shows the dispersion effectiveness difference among 150, 200, and 250 rpm at
DOR 1/35, 1/50, and 1/20. Each dispersion effectiveness with 150 rpm was close to zero, which
indicates that the mixing energy of 150 rpm was not enough to start a successful dispersion process
in the baffled flask test. This result is in agreement with the values reported by Srinivasan et al.
and Nyankson et al. [120, 127]. The dispersion effectiveness of 250 rpm was 37% higher than that
at 200 rpm for these three DORs. These results indicated that mixing energy plays an important
role in the dispersion process. These results also can explain why a workboat is needed to mix the
dispersants and oil and start the dispersion process at the scene of an oil spill [16].
3.4.7 Emulsion Stability Measurements
The emulsion stabilities of NE natural dispersant and COREXITâ EC9500A were
compared through the net turbidity of the dispersions. The settling time of the baffled flask tests
was only 10 min, but that in the turbidity tests was set to range from 1 to 12 hours. The turbidity
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of the O/W emulsion was the response variable for this experiment and was measured as a function
of volume ratios of crude oil (i.e., 3 and 6% v/v), and settling times (i.e., 15min; 1, 3, 6, and 12
hours). The photographs of the columns and samples at each time point are shown in Figures 3.6
and 3.7.

Figure 3.6 Photographs of the experimental columns and samples (centrifugal tubes) taken from
the bottom valve of their corresponding columns of O/W emulsions, control (left), COREXITâ
EC9500A (mid), and NE (right) at 15 min (a), 1 hour (b), 3 hours (c), 6 hours (d), and 12 hours
(e). The control groups were oil and synthetic seawater without dispersant at 3% v/v. Both groups
of photographs visually indicated that NE and COREXIT disperse oil significantly better than the
control groups since the turbidities of the emulsions were higher in every case for the dispersant
group than for the corresponding control. In addition, the turbidity of the O/W emulsions with NE
natural dispersant at each settling time was similar to that with COREXITâ EC9500A.
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Figure 3.7 Photographs of the experimental columns and samples (centrifugal tubes) taken from
the bottom valve of their corresponding columns of O/W emulsions, control (left), COREXITâ
EC9500A (mid), and NE (right) at 15 min (a), 1 hour (b), 3 hours (c), 6 hours (d), and 12 hours
(e). The oil to total emulsion volume ratio was 6% v/v. The control group was only oil and synthetic
seawater. Each sample in the centrifugal tube was collected from the corresponded column. Both
photographs of the emulsions in the columns and centrifugal tubes show that the turbidity of the
O/W emulsions with NE natural dispersant at each time point was higher than that with
COREXITâ EC9500A. In addition, both NE and COREXIT displayed significantly higher turbid
emulsions than the control groups.
As shown in Figure 3.8a, the turbidity of emulsions with both NE and COREXITâ
EC9500A was significantly higher than the turbidities of the control groups (without any
dispersant). This indicates that adding dispersants increased the solubilized amount of oil into the
water phase. At 3% v/v of oil, the turbidity of the O/W emulsions with NE natural dispersant at
each settling time was similar to that with COREXITâ EC9500A, and the average difference at
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each time point was 13.47%. The results conclude that the dispersion ability of NE natural
dispersant was similar to that of COREXITâ EC9500A at 3% v/v.

Figure 3.8 Turbidity changes with time on O/W emulsion with control (black circles), NE (blue
squares), and COREXITâ EC9500A (red diamonds). Control group was only oil and synthetic
seawater; oil-to-total-emulsion volume ratios were 3% (a) and 6% (b) v/v. The turbidity value of
synthetic seawater was 0.16 ± 0.01 NTU. The standard deviations for all systems are included. NE
errors are too small to be appreciated but are being considered in the plot.
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Figure 3.8b shows that the turbidity of the O/W emulsions with NE natural dispersant at
each time point was similar to that with COREXITâ EC9500A at 6% v/v; the turbidity of
emulsions with both NE and COREXITâ EC9500A was significantly higher than that of the
control groups. Moreover, each turbidity point of NE at 6% was also higher than that at 3%. These
results are consistent with the values of the surface tension tests, which showed that the surface
tension of O/W emulsions with NE exhibit lower average surface tensions at different DORs when
the concentration of the oil/water emulsions was 6% v/v compared to 3% v/v. This result is also
consistent with the results using UV-Visible Spectroscopy, in which continuously shaking for 12
hours was performed, as shown in Figure 3.10. The lower surface tension at 6% v/v caused more
oil to be dispersed into the water phase leading to higher turbidities.

Figure 3.9 UV-Visible Spectroscopy absorption (600 nm) changes with time on O/W emulsion
with control (black circle), NE (blue square), and COREXITâ EC9500A (red diamond). Each
sample was continuously shaking at 120 rpm for 12 hours. The absorption of the O/W emulsions
with NE natural dispersant at each time point was higher than that with COREXITâ EC9500A;
both of them were significantly higher than the absorption of the control group. The control group
was only oil and synthetic seawater. The oil to total emulsion volume ratios was 6% v/v. The DOR
was 1/20 v/v.
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3.4.8 Droplet Size Measurements
One of the main properties of dispersants is to make oil available for bacteria degradation
via small oil droplets; also, smaller droplets formed in the dispersion implies more stable O/W
emulsions. The droplet sizes of O/W emulsion samples with NE and COREXITâ EC9500A were
measured and analyzed. Figure 3.10 shows the comparison of the digital microscope photos with
NE (a) and COREXITâ EC9500A (b) at a DOR of 1/20 v/v. The controls containing only oil and
synthetic seawater showed that the oil droplets aggregated rapidly and formed a large oil film (see
Figure 3.11).

100 μm

100 μm

Figure 3.10 Digital microscope images of O/W emulsion samples with NE (a) and COREXITâ
EC9500A (b) at DOR of 1/20 v/v.

Control

NE

EC9500A

Text

Figure 3.11 Photograph of the O/W emulsion samples with control (left), NE (mid), and
COREXITâ EC9500A (right).
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Droplet sizes are a function of DORs, ranging from 1/20 to 1/1 v/v, and the salinity of the
synthetic seawater of 35 PSU also was determined. Figure 8a shows that as the DOR increased
from 1/20 to 1/1 v/v, the total number of droplets increased as well for both the NE and COREXITâ
EC9500A groups. The error bars represent the standard deviation for three replicates. As shown
in Figure 8b, the weighted average diameter gradually decreased as the DOR increased for both
the NE and COREXITâ EC9500A groups. With a higher amount of dispersant, the surface tension
of the O/W emulsion would be lower, which causes the droplet size to be smaller, as discussed
before. It also can be seen that the NE group had a smaller weighted average diameter compared
with COREXITâ EC9500A. The average of the weighted average diameter for the NE group was
5.3 𝜇m; for COREXITâ EC9500A it was 7.0 𝜇m. The results indicate that NE natural dispersant
is capable of creating emulsions with higher stability compared to COREXITâ EC9500A. In
addition to its effect on the dispersion process, smaller droplet size helps to accelerate the
biodegradation of oil.
The droplet size distribution of the O/W emulsion with NE and COREXITâ EC9500A is
shown in Figure 9. As shown, most droplet sizes were distributed within ~5 𝜇m for both NE and
COREXITâ EC9500A, indicating that the O/W emulsions dispersed with NE and COREXITâ
EC9500A were uniform and even. As the DOR increased from 1/20 to 1/1, the number of droplets
for each interval increased.
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Figure 3.12 Droplet number and size of O/W emulsion with NE and COREXITâ EC9500A. Crude
oil and synthetic seawater were emulsified at different DORs; the volume ratio of crude
oil/dispersed emulsion was 6% v/v.
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Figure 3.13 Droplet size distribution of O/W emulsion dispersed with NE and COREXITâ
EC9500A in DORs—1/20 (a), 1/10 (b), 1/3 (c), 1/1.5 (d), and 1/1 (e); most droplet sizes of both
NE and COREXITâ EC9500A were distributed within ~5 𝜇m.
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3.5 Conclusion
The capacity of a natural dispersant based on cactus mucilage for oil spills was determined
for the first time to the best of our knowledge. By evaluating the performance of different
interfacial characterization techniques such as surface tension, baffled flask testing, turbidity, and
droplet size and distribution measurements, we were able to discern the characteristics to
determine the effectivity of model systems such as natural and commercially-available chemical
dispersants.
NE showed surface active properties that significantly reduced the air-water surface tension
and the oil-water interfacial tension. The linear relationship between the surface tension and the
natural logarithm of the concentrations of the natural dispersant provided supporting data for using
NE as an effective surfactant.
The surface tension between the O/W emulsion and air was also reduced with the
application of NE. The lower surface tension implied that the emulsion balance between O/W and
W/O was moving toward O/W emulsion. As the DOR increased from 1/200 to 1/20, emulsions
with a lower surface tension were formed due to increasing concentrations of NE at O/W
concentrations of 3% v/v. The surface tension of O/W emulsions with NE at 6% v/v was reduced
to 30.94 mN/m and was shown to be independent of DOR, which makes NE as capable as
COREXITâ EC9500A for dispersing oil.
It was also observed that the NE natural dispersant performed better at a lower salinity; the
lower concentration of salt ions in the seawater may alter the HLB value of NE and indirectly
enhance its dispersion effectiveness. Mixing energy also significantly enhanced the dispersion
process of NE; higher mixing energies can lead to higher dispersion effectiveness. For a successful
dispersion process, certain mixing energy needs to be applied at the beginning.
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At 3% v/v of oil, the turbidity of the O/W emulsions with NE at each settling time was
similar to that of COREXITâ EC9500A. Similarly, the turbidity of the O/W emulsions with the
NE natural dispersant at each time point was higher than that with COREXITâ EC9500A at 6%
v/v. This result is consistent with the results found in the surface tension tests for 6% v/v, which
showed lower surface tensions with NE. From the droplet size measurements, the weighted
average diameter gradually decreased as the DOR increased for both NE and COREXITâ
EC9500A dispersions.
The O/W emulsion with NE had a smaller weighted average diameter compared with
COREXITâ EC9500A. The stability of the O/W emulsion would be higher with smaller droplets;
hence, the biodegradation process of the oil would be accelerated as well due to an increase in the
contact area between oil and water. According to previous studies by Israelachvili et al., the
structure of surfactants and oil in the presence of water undergo structural changes and
intermolecular interactions that enhance the fluidity of oil/surfactant system, hence making the
dispersant more efficient.
As a plant-based material, NE is non-toxic and biodegradable and can be harvested three
times each year and grown through sustainable agriculture. It also has the advantage of not
consuming high amounts of water and fertilizer. This study shows that NE has the potential to be
a natural dispersant for oil spill clean-up operations because NE’s surface-active characteristics
were similar to that of COREXITâ EC9500A. The results presented here are for NE in its purest
form. Although NE was found to have less dispersant effectiveness than COREXITâ EC9500A,
we have also found that adding other natural compounds to NE greatly improves its dispersion
effectiveness. These results are out of the scope of this paper and will be published elsewhere.
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Chapter 4: An Alternative Dispersant for Oil Spills Based on an Interacting Mixture of
Cactus Mucilage Extract with D-limonene and Silica Nanoparticles
4.1 Abstract
A food-grade solvent, d-limonene (DL), has been applied with the silica nanoparticles
(SiNPs) to the cactus mucilage extract (NE) to improve NE’s dispersion ability. Surface tension
measurement, baffled flask test, shaking turbidity test, and droplet size measurement were
performed with crude oil to study the synergistic effect of DL and SiNPs on NE as a dispersant. It
was found that the O/W emulsion had a lower surface tension due to the application of DL, which
can push the emulsion balance actively from W/O emulsion towards dispersion. Furthermore, the
addition of the SiNPs increased the stability of O/W emulsion. The baffled flask test showed that
the dispersion effectiveness of NE had been significantly improved with the synergy of both DL
and SiNPs. The ratio of NE/DL/SiNPs has also been optimized through the baffled flask test. The
average droplet size of O/W emulsion was smaller in the systems with NE+DL+SiNPs when
compared with the systems using the conventional dispersant COREXITÒ EC9500A by droplet
size analysis with an optical microscope. The smaller droplets size implies that NE+DL+SiNPs
would provide better stability to O/W emulsion. The shaking turbidity test confirmed that
NE+DL+SiNPs maintained the highest stability throughout the 12-hour experiment.
4.2 Introduction
Dispersing crude oil is a rapid and necessary response method to clean up spilled oil on
surface water near ports, ships, and oceans. Chemical dispersants are designed with one or several
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surfactants and solvents [19, 128]. Surfactant is the main functional component of a dispersant,
which consists of a polar head (hydrophilic) and a non-polar tail (hydrophobic) [20]. Dispersants
can break up the oil layer into small oil droplets to accelerate the natural dispersion process and
the biodegradation process by lowering the oil-water interfacial tension and increasing the oilwater interfacial area [129-132]. However, the application of extremely high amounts of chemical
dispersants could be detrimental to marine life and the environment [27, 29-32, 133]. Hence,
materials that are environmentally friendly and efficient at the same time would be potential
candidates for spilled-oil dispersion.
Functional surfactants from natural materials have the advantages of being biodegradable
and non-toxic. Cactus mucilage extract is a natural material, which is extracted from the mucilage
of the Opuntia ficus-indica cactus (also named prickly pear or nopal). Cactus mucilage extract has
been studied in numerous applications, including food products, nutrition and health products, and
water purifying agents [46, 134-136]. Neutral sugars, carbohydrates, and proteins are the main
compounds in cactus mucilage extract. The proteins in the cactus mucilage were reported to have
the function of lowing the interfacial tension between oil and water and forming oil-in-water
(O/W) emulsions [33, 106-109]. As a natural dispersant, non-gelling extract (NE) of cactus
mucilage has been studied and introduced in chapter 3. NE displayed the potential for the
application in oil spill treatment as a dispersant, and its surface-active characteristics were similar
to that of COREXITÒ EC9500A.
However, NE was found to still have a limitation because of its dispersion effectiveness;
the practical application of NE in spilled oil clean-up operation has been impeded by low
effectiveness. Therefore, the purpose of this research is to improve the dispersion effectiveness of
NE through additional additives and study the synergistic effect of NE with these additives.
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As the second main component in dispersants, solvents played an essential role in the
dispersion process. COREXITÒ EC9500A is effective because of the incorporation of solvents
[20]. As a key to improve the effectiveness of COREXITÒ EC9500A and a major advance in
dispersant response, organic solvents have two functions. First, solvents can reduce the viscosity
of the surface-active agents, which is convenient for spraying and application. Second, solvents
can remain in the oil phase and avoid the extraction of seawater for a sufficient period of time to
ensure that the surfactants are effective [97].
D-limonene is a colorless liquid terpene which is one of the most common terpenes in
nature; it is mainly derived from the oil of citrus fruit peels, such as oranges, grapefruits, and
lemons [137-139]. D-limonene is commonly used as a flavoring agent in food manufacturing, such
as soft drinks, ice cream, and dietary supplements. D-limonene is also used as a fragrance in
cosmetics products, such as perfumery, shower gel, and body lotion. D-limonene can also be used
as a flavoring additive in detergents because of its orange-link fragrance and ability to dissolve
oils [140].
Based on the available toxicity studies, D-limonene is categorized as a fairly low toxic
additive and a safe ingredient [137, 139]. D-limonene is listed as Generally Recognized as Safe
(GRAS) as a food and fragrance additive by the U.S. Food and Drug Administration (Code of
Federal Regulations Title 21, 182.60). In this study, D-limonene has been added to NE as an
organic solvent to improve its dispersion effectiveness with crude oil. Through the surface tension
measurements, D-limonene was found to have the ability to lower the surface tension between oilin-water (O/W) emulsion and air. However, oil-in-water emulsion with the mixture of NE and Dlimonene had weak stability; the presence of D-limonene did not lead to higher dispersion
effectiveness. Additional additive needs to be added to improve the stability of O/W emulsion.
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Silica nanoparticles (SiNPs) have received increasing attention due to their properties of
certain nano-mesoporous structures and favorable surface modifications [141]. Researches and
applications of SiNPs are widely involved in biosensing [142, 143], drug delivery [144, 145],
catalysis [146, 147], thermal energy storage[148, 149], and structural materials [150]. The O/W
emulsion stability can be improved by adding SiNPs to surfactant; SiNPs can form a monolayer
or bilayer in the oil-water interface and inhibit the coalescence of oil droplets [85, 151, 152]. At
the same time, SiNPs can also adsorb the surfactants and raise their adsorption at the oil-water
interface.
The object of this research is to investigate the synergistic effect of NE with D-limonene
and silica nanoparticles on the formation of stable O/W emulsions. D-limonene will be expected
to further reduce the surface tension between air and O/W emulsion; silica nanoparticles will be
expected to improve the O/W emulsion stability; both of them are expected to interact with NE
and improve its dispersion effectiveness.
4.3 Experimental Section
4.3.1 Materials and Apparatus
NE was extracted from the cactus pad using the method, as described in Chapter 2. Opuntia
ficus-indica cactus leaves were originally obtained from Tucson, Arizona and replanted in Tampa,
Florida. Crude oil was obtained from a British Petroleum (BP) marlin platform (Surrogate, SO20111116-MPDF-003), and its property was similar to Macondo oil. D-limonene high purity food
grade was obtained from Blubonic IndustriesÒ. LUDOXÒ CL colloidal silica 30 wt.% suspension
in H2O was purchased from Sigma-Aldrich. Dichloromethane (DCM) (99.5%) was purchased
from Sigma-Aldrich. The sea salt was obtained from Instant Ocean (Blacksburg, VA). Table 4.1
provides a list of the concentrations of the major ion composition of natural seawater and Instant
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Ocean synthetic seawater at 35 PSU. The 150 mL-baffled flasks were modified from WheatonTM
trypsinizing flasks by adding a stopcock at the bottom.
Table 4.1 Constituents of natural seawater and Instant Ocean seawater.
Ion

Natural Seawater (g/L) [153] Instant Ocean (g/L) [154]

Bicarbonate (HCO3-)

0.126

0.200

Boric Acid (H3BO3)

0.0257

-

Bromide (Br-)

0.673

0.056

Calcium (Ca++)

0.4119

0.400

Chloride (Cl-)

19.353

19.290

Fluoride (F-)

0.0013

0.001

Magnesium (Mg++)

1.284

1.320

Potassium (K+)

0.399

0.420

Sodium (Na+)

10.781

10.780

Strontium (Sr++)

0.0794

0.0088

Sulfate (SO4--)

2.712

2.660

4.3.2 DST Measurement of NE Suspension
Dynamic surface tension (DST) measurement was conducted to study the diffusion and
adsorption kinetics of cactus mucilage extract at the air/water interface [133]. Different
concentrations of NE suspension samples were prepared by dissolving an appropriate amount of
NE powder into 10 mL of deionized water (DI). A 15 mL-tissue grinder (WHEATONÒ Industries,
Inc.) was used to homogenize the suspension. The NE suspension was measured immediately after
the preparation.
DST measurement of NE suspensions was carried out through Du Nouy ring method using
a Sigma 701 Tensiometer (KSV of Finland) with a platinum Du Nouy ring T106 (Biolin Scientific,
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Sweden and Finland). Print Data Recorder (Model PDX-R) was used to digitalize and record the
data.
4.3.3 Surface Tension Measurement of O/W Emulsion
Surface tension measurement was performed to study the surface-active properties of the
dispersants, NE, NE with D-limonene (NE+DL), and NE with D-limonene and silica suspension
(NE+DL+SiNPs), being applied to the interface of O/W emulsion and air. The sample of NE+DL
was prepared by adding a specific volume of DL into the 5 g/L NE stock suspension and vortexing
for 1 minute. The volume ratio between NE stock suspension and DL was 5/1. Similarly, the
sample of NE+DL+SiNPs was prepared by adding an appropriate amount of DL and silica
suspension into the 5 g/L NE stock suspension and vortexing for 1 minute. The volume ratio among
NE stock solution, DL, and silica suspension was 5/1/1.
The O/W emulsion samples with NE, NE+DL, or NE+DL+SiNPs were prepared by
dropping a specific volume of each dispersant onto the top surface of the oil-water mixture in a
VWR crystallizing dish (VWR International, Radnor, PA) and mixing at 12000 rpm for 30
seconds. The above oil-water mixture was prepared by adding 0.3 or 0.6 mL of crude oil to an
appropriate amount of 35 practical salinity unit (PSU) synthetic seawater without any mixing or
shaking. The final volume of each emulsion sample was 10 mL. The volume ratios of the crude
oil in the emulsion were 3 and 6% v/v. The dispersant to oil ratios (DORs) by mass were 1/20,
1/50, 1/100, and 1/200. The samples were measured immediately after mixing to make sure all the
samples were measured at a fully dispersion level. Sigma 701 tensiometer (KSV of Finland) was
used to measure the surface tension between the dispersed O/W emulsion and the air.
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4.3.4 Baffled Flask Test
Baffled Flask Test (BFT) was conducted to quantify the dispersion effectiveness of the
dispersants: NE, NE+DL, and NE+DL+SiNPs. The same procedures were used to prepare the oil
standards in the BFT, as described in chapter 3. The concentrations of the six calibration standards
were 0.09, 0.2, 0.4, 0.7, 0.9, and 1.3 mg/mL. The DORs by mass of the experimental samples were
1/10, 1/20, 1/35, 1/50, 1/75, 1/100, and 1/200.
To perform the test of each dispersant, a volume of 100 µL crude oil was added to the top
of 120 mL of 35 PSU synthetic seawater in a 150 mL-baffled flask. An appropriate amount of
dispersant was dropped onto the surface of the crude oil. The flasks with oil, water, and dispersants
were shaken at 200 rpm for 10 minutes with a shaker (Lab-line instruments, Melrose Park, IL).
Then, the samples were allowed to stand for 10 minutes. The first 2 mL of the sample in the
stopcock was drained to prevent oil droplets attached to the stopcock wall from affecting the testing
results. Then, a 30 mL-sample was collected from the stopcock. The 30 mL of mixture sample was
extracted with a volume of 5 mL DCM for at least three times until the water phase was colorless.
The DCM phase was finished to the volume of 20 mL by adding an appropriate volume of DCM.
The final DCM samples were analyzed using a Lambda 35 ultraviolet-visible (UV-VIS)
spectrophotometer (PerkinElmer, Waltham, MA) at a wavelength of 340-400 nm. A UV WinLab
Software (PerkinElmer, Waltham, MA) was used to analyze the spectrum.
4.3.5 Shaking Turbidity Test
In the real application environment of the dispersants on the ocean, the seawater is not
stationary but shaking with the waves and moving with ocean currents. Shaking turbidity test was
designed and conducted to simulate the non-stationary state of seawater and quantify the O/W
emulsion stability with the application of COREXITÒ EC9500A, NE, and NE+DL+SiNPs. The
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volume ratio among NE stock solution, DL, and silica suspension was 10/1/2. The same PVC
plastic columns were used, as introduced in chapter 3. The total volume of the dispersed O/W
emulsion was 730 mL. The volume ratio between crude oil and the total volume was 3%. The
DOR by mass was 1/50.
First, an appropriate volume of 35 PSU synthetic seawater was added into each column. A
volume of 21.9 mL crude oil was added onto the top of the synthetic seawater; a specific volume
of tested dispersant was dropped onto the top center of crude oil. The column samples were then
mixed with a milkshake maker (Model KT-MM, Suntone) at a mixing speed of 12000 rpm for 1
min. Second, all the four columns were placed on a shaker (Lab-line instruments, Melrose Park,
IL) and shook at a speed of 150 rpm for 12 hours. Third, a volume of 15 mL sample was collected
from the bottom valve for each column at sampling time-15 min and 1, 3, 6, and 12 hours; each
sample was analyzed with a portable turbidimeter (HACH, Loveland, CO) in a unit of
Nephelometric Turbidity Units (NTU). Each data point was repeated three times.
4.3.6 Droplet Size Measurement
Droplet size measurement was performed to study the oil droplet size distribution of the
O/W emulsion with dispersants: control, NE, NE+DL, NE+SiNPs, and NE+DL+SiNPs. The
concentration of the NE stock suspension was 5 g/L. For the NE+DL mixture, the volume ratio
between NE and DL was 10/1 v/v. For the NE+SiNPs mixture, the volume ratio between NE and
SiNPs was 5/1 v/v. For the NE+DL+SiNPs mixture, the volume ratio among NE, DL, and SiNPs
was 10/1/2 v/v/v. The DOR of each sample was 1/20 v/v. The volume of each sample was 5 mL.
The volume ratios between the crude oil and the total volume of the emulsion were 3% and 6%
v/v. A volume of 0.15 or 0.3 mL of crude oil was added onto an appropriate volume of synthetic
seawater. A specific volume of each dispersant was dropped onto the top center of the oil layer.
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Each mixture was dispersed by vortexing for 1 min; a volume of 20 µL of dispersed sample was
collected and transferred onto a microscope slide (CORNINGÒ 2948-75x25). A microscope cover
glass (Thermo Scientific, Waltham, MA) was used to cover the samples. The images of the samples
were collected with a fluorescence microscope, Eclipse Ti-U (Nikon Instruments, Japan) and
analyzed with NIS-Elements Advanced Research Software Ver. 4.20 (Nikon Instruments).
4.4 Results and Discussion
4.4.1 Dynamic Surface Tension between Air and Water with NE
By studying the dynamic surface behavior, it is possible to obtain important information
about the interaction between molecules, the change of conformation and aggregation of
molecules, the kinetics of formation and disintegration of micelles in the surface layer [133].
Usually, the surface tension of a newly formed surfactant solution is very close to the surface
tension of the solvent itself. After a period of time, the surface tension of the solution will gradually
decrease until equilibrium is reached; this period varies from milliseconds to days depending on
the type and concentration of the surfactant [155].
As shown in Figure 4.1, the initial air-water surface tension (𝛾#$ ) values of the fresh
formed NE solutions were close to that of the solvent, water. The 𝛾#$ of the solution at each
concentration gradually decreased with time; this was because the NE molecules gradually
adsorbed to the air-water interface, thereby reducing the surface tension of the air and water. The
values of the 𝛾#$ decreased until an equilibrium of diffusion rate and adsorption rate of NE was
reached. Each sample of concentration was measured and collected for 1000 data points due to the
maximum limit of the instrument memory. As the concentrations of the NE solution increased, the
rates of the surface tension decreasing were also increased; and the time required to reach the
diffusion and adsorption equilibrium was also shortened.
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Figure 4.1 Dynamic surface tensions between air and water at various concentrations of NE: DI
water (black circle), 0.2 (red square), 0.4 (blue triangle), 0.6 (orange inverted triangle), 1.0 (green
diamond), 2.0 (purple hexagon), and 4.0 g/L of NE (pink star); measured air-DI water surface
tension was 72.44 ± 0.22 mN/m.
Rosen’s approach is an empirical equation developed by Milton J. Rosen et al. to model
the DST curve [156-162]. This model can fit the experimental data very well, and specific physical
parameters of the DST curves can be directly derived. Equation 4.1 shows Rosen’s approach.
DI JD8
D8 JD:K

; O

= L; ∗N (4.1)

where 𝛾P is the surface tension of a freshly formed interface of a surfactant solution (mN/m); 𝛾; is
the dynamic surface tension (mN/m); 𝛾=Q is the equilibrium of the surface tension (mN/m); t is the
time (s); 𝑡 ∗ is the time constant (s); 𝑛 is a dimensionless constant.
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Each concentration was fitted with the experimental data by minimizing the sum of the
squared error between the experimental values and the calculated values by changing the constants
𝑡 ∗ and 𝑛 using Microsoft Excel Solver. The dynamic surface tension parameters of NE solutions
at different concentrations are shown in Table 4.2. We found that the overall trends of each
parameter tend to decrease as the concentration of the NE solution being measured increases; this
also means that as the concentration of NE increased, the rate at which the NE solution reached
equilibrium was also faster.
4.4.2 Surface Tension between O/W Emulsion and Air
Figure 4.3a shows the air-O/W emulsion surface tensions with control, NE, NE+DL, and
NE+DL+SiNPs in dispersant to oil ratios (DORs) ranging from 1/200 to 1/20 at an oil to emulsion
volume ratio of 3% v/v. We found that the surface tension of all the three dispersants groups
decreased as the DOR increased, ending with ~30 mN/m at a 1/20 DOR. It was observed that the
surface tension of NE+DL group was lower than that of NE group at each DOR. This phenomenon
indicates that the organic solvent in the dispersant further moved the dynamic balance between
O/W and W/O emulsions towards O/W emulsions by lowering the surface tension between the
emulsion and air. However, the surface tension of the emulsion and air became even higher than
that of only NE after adding the SiNPs into the dispersant. This is because a small portion of the
surfactant molecules were adsorbed onto the surface of the nanoparticles, thereby reducing the
amount of surfactant molecules that were free to diffuse and adsorb at the oil-water interface [152,
163, 164]. However, the good side is that the addition of SiNPs can form a monolayer or bilayer
on the surface of small oil droplets that have been dispersed by the surfactant, thereby avoiding
coalescence of small oil droplets and increasing the stability of the dispersed emulsion [151, 152].
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Figure 4.2 The plot of actual experimental data points and Rosen’s model as a function of time
with different NE concentrations. The blue circle represents experimental data points, red dash
line with triangle represents model results; (a) 0.2, (b) 0.4, (c) 0.6, (d) 1.0, (e) 2.0, and (f) 4.0 g/L
of NE
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Table 4.2 Dynamic surface tension parameters of NE solutions using Rosen’s approach.
C (g/L)

n

𝑡 ∗ (𝑠)

𝛾P (mN/m)

𝛾=Q (mN/m)

0.2

3.66

39306

72.61

69.26

0.4

1.74

22887

71.97

65.19

0.6

1.78

20646

72.16

64.86

1.0

1.45

10558

72.21

62.47

2.0

0.78

3434

70.12

60.37

4.0

1.2

3695

68.28

60.74

Figure 4.3b shows the air-O/W emulsion surface tensions with dispersants at 6% v/v of oil
to emulsion volume ratio. It was observed that the surface tension of all the three dispersants
groups decreased to ~30 mN/m for all the DORs. The same phenomenon was observed as the
comparison between NE and COREXITÒ EC9500A in chapter 3, and there was no significant
difference between the dispersants in the 6% v/v.
4.4.3 Dispersion Effectiveness of Emulsion
From the surface tension results, we know that NE+DL dispersant can provide a lower airemulsion surface tension, which should lead to higher dispersion effectiveness. However, the
dispersion effectiveness of NE+DL dispersant was found to be low, as shown in Figure 4.4.
According to the experimental method of the baffled flask test for the dispersion effectiveness
measurement, all the samples have to be allowed to stand for 10 minutes after the shaking. As
shown in Figure 4.4, the dispersion effectiveness of NE+DL dispersant was both measured without
settling down and with 10 minutes settling down.
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Figure 4.3 Surface tension between O/W emulsion and air with control (circles), NE (squares),
NE+DL (triangles), and NE+DL+SiNPs (diamonds). The control group was only oil and synthetic
seawater. The oil to total emulsion volume ratios were 3% (a) and 6% (b) v/v.
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Figure 4.4 BFT dispersion effectiveness with NE+DL dispersant without settling down and with
10 min settling down in different DORs.
Figure 4.5 visually shows the comparison of the oil dispersion between before and after
settling down for the emulsion with COREXITÒ EC9500A and NE+DL. It was found that the
amount of oil dispersed with NE+DL was comparable with that with COREXITÒ EC9500A.
However, dispersion effectiveness with NE+DL was lower than that with COREXITÒ EC9500A.
Both Figures 4.4 and 4.5 indicate that the stability of the NE+DL dispersant was insufficient; the
presence of DL did not lead to a higher dispersion effectiveness. Additional additive needs to be
added to improve the stability of O/W emulsion.
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Figure 4.5 Images of the O/W emulsions in the BFT test with control (left), COREXITÒ EC9500A
(mid), and NE+DL (right). Image (a) was taken before the 10 min settling down (immediately after
the mixing); it visually shows the dispersion effectiveness with NE+DL was similar to that with
COREXITÒ EC9500A; both of them were significantly higher than that of the control group.
Image (b) was taken after the 10 min settling down; it visually shows the dispersion effectiveness
with NE+DL was lower to that with COREXITÒ EC9500A.
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The dispersion effectiveness results of O/W emulsion with control, NE, NE+DL, NE+
SiNPs, and NE+DL+SiNPs at DORs of control, 1/200, 1/100, 1/75, 1/50, 1/35, 1/20, and 1/10 were
shown in Figure 4.6. It was found that the dispersion effectiveness of NE and NE+d-limonene
groups did not increase significantly with the increasing DORs; this might be due to insufficient
stability resulting in a significant decrease in dispersion efficiency after the 10 minutes of standing.
NE+ SiNPs and NE+DL+SiNPs groups were found to increase significantly with the increasing
DORs. The average dispersion effectiveness of NE+SiNPs and NE+DL+SiNPs groups were higher
than of NE and NE+d-limonene groups. From this comparison, we found that the presence of
SiNPs can significantly avoid the re-coalescence of small oil droplets and improve the stability of
the dispersed emulsion, thereby further improving the effectiveness of the dispersant. From the
comparison between NE+SiNPs and NE+DL+SiNPs groups, it was found that the presence of DL
can further increase the effectiveness of NE+SiNPs dispersant because DL can further reduce the
surface tension of the dispersed emulsion.
By measuring the surface tension and dispersion effectiveness, we found that DL and
SiNPs can work together and effectively improve the dispersion effectiveness of NE. DL can move
the balance towards O/W emulsion by further reducing the surface tension of the emulsion. SiNPs
can increase the stability of the dispersed small oil droplets and increase the dispersion
effectiveness.
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Figure 4.6 BFT dispersion effectiveness of O/W emulsion with control, NE, NE+DL, NE+SiNPs,
and NE+DL+SiNPs at DORs: control, 1/200, 1/100, 1/75, 1/50, 1/35, 1/20, and 1/10. The volume
ratio between NE and DL was 5/1 v/v; the volume ratio between NE and SiNPs was 5/1 v/v; the
volume ratio among NE, DL, and SiNPs was 5/1/1 v/v/v.
As shown in Figure 4.7a, the volume ratio between NE and DL was fixed at 5/1 v/v; the
volume ratio between NE and SiNPs was then changed from 200/1 to 5/1. The maximum value of
the dispersion effectiveness was at 5/1 v/v of NE and SiNPs, and the value was 75.17 ± 0.09%.
The volume ratio between NE and SiNPs was fixed at 5/1 v/v in Figure 4.7b; the volume ratio
between NE and DL was then changed from 200/1 to 5/2. It was found that the maximum value of
the dispersion effectiveness was at 10/1 v/v of NE and DL, and the value was 59.97 ± 0.04%. As
a result, the optimal volume ratio among NE, DL, and SiNPs was 10/1/2 v/v/v.
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Figure 4.7 Dispersion effectiveness of NE+DL+SiNPs dispersant changes with NE/SiNPs volume
ratios at a fixed NE/DL volume ratio of 5/1 v/v (a); dispersion effectiveness of NE+DL+SiNPs
dispersant changes with NE/DL volume ratios at a fixed NE/SiNPs volume ratio of 5/1 v/v (b).
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4.4.4 Emulsion Stability with Shaking Energy
After the initial mixing, the columns were placed on a shaker and shaken at 150 rpm. The
initial mixing was used to mimic the initial mixing of the workboat during the actual use of the
dispersant in the open sea. The following shaking was used to mimic the wave movement. This
experimental design is closer to the real application scenario of the dispersants. The turbidity of
the O/W emulsion was used as the response variable to compare the stability of the emulsion with
control, COREXITÒ EC9500A, NE, and NE+DL+SiNPs at a shaking environment.
As shown in Figure 4.8, in the case of continuous shaking, the turbidity of COREXITÒ
EC9500A group was higher than that of NE group in the first 3 hours; but these two groups tended
to be the same after 3 hours. The decrease of turbidity in these two groups in 3 hours indicates that
the oil and water phases were slowly separated from each other after being initially stirred and
dispersed. However, we found that the turbidity of the NE+DL+SiNPs group was significantly
higher than the other three groups, and this group maintained high stability throughout the 12-hour
experiment.
Since SiNPs are white tiny particles, the presence of SiNPs could increase the turbidity
value of NE+DL+SiNPs group. However, this effect was not the main reason for the highest
turbidity of NE+DL+SiNPs group. Through the comparison in Figure 4.9, it can be found that the
colors of the samples in the tube and oil-water mixture in the column for NE+DL+SiNPs group
were significantly darker than that of other three groups; the thickness of the top oil layer in the
column was also significantly thinner than the other three groups. The samples took out and the
mixtures remaining in the column both showed that the emulsion in NE+DL+SiNPs group
remained highly stable after 12 hours of shaking.
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Figure 4.8 Turbidity changes with time on O/W emulsion with control (circles), and COREXITÒ
EC9500A (squares), NE (triangle), and NE+DL+SiNPs (inverted triangle). The sampling time was
15 minutes, 1, 3, 6, and 12 hours. Control group was only oil and synthetic seawater; oil-to-totalemulsion volume ratio was 3% v/v. The turbidity value of the synthetic seawater was 0.16 ± 0.01
NTU. Error bars represent the standard deviation of three replications.
4.4.5 Emulsion Droplets Size and Numbers
The size of the oil droplets in an emulsion is an important indicator for evaluating a
dispersant, which reflects the dispersing ability and stability of a dispersant. The smaller droplet
size means more stable of the emulsion formed, and it provides a larger contact area, which is also
more susceptible for the bacteria to degrade the spilled oil. Figure 4.10 shows the weighted average
diameters of the O/W emulsion dispersed by COREXITÒ EC9500A, NE, NE+DL, and
NE+DL+SiNPs at 3 (a) and 6 (b) % v/v. The sampling time was 0, 15, and 30 minutes after the
initial vortexing.
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Figure 4.9 Photographs of the experimental columns and samples (centrifugal tubes) changes with
time on O/W emulsion with control (first), COREXITÒ EC9500A (second), NE (third), and
NE+DL+SiNPs (fourth) at 15 min (a), 1 hour (b), 3 hour (c), 6 hour (d), and 12 hour (e). The oil
to total emulsion volume ratio was 3% v/v. Each sample in the centrifugal tube was collected from
the corresponded column. Both photographs of the emulsion in the columns and centrifugal tubes
show that the turbidity of the O/W emulsions with NE natural dispersant at each settling time was
similar to that with COREXITÒ EC9500A; both of them were significantly higher than the
turbidities of the control groups. The turbidity of NE+DL+SiNPs was significantly higher than
both NE and COREXIT groups.
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As shown in Figure 4.10, the weighted average diameters of group COREXITÒ EC9500A
and NE+DL increased significantly after 30 minutes for both 3 (a) and 6% (b) v/v, especially the
COREXITÒ EC9500A group, which’s oil droplets coalesced into one large oil layer and the size
of the droplets could not be measured. The change in oil droplet size over time is visually shown
in Figure 4.12 and 4.13. The weighted average diameters of groups NE, NE+SiNPs, and
NE+DL+SiNPs were stable after 30 minutes, especially the group of NE+DL+SiNPs.
From the comparison between groups of NE and NE+DL, it was found that NE+DL had a
smaller droplet size at 0 minutes but larger droplets size after 30 minutes, indicating that dlimonene can improve the dispersion process with NE by forming smaller oil droplets. However,
the addition of d-limonene led to a decrease in the stability of the dispersant, which caused the oil
droplets to coalesce rapidly over time. The comparison of the numbers of droplets for groups of
NE and NE+DL in Figure 4.11 also confirms this result. NE+DL group had a large number of oil
droplets at the beginning, but the number of oil droplets decreased significantly after 30 minutes.
From the comparison between groups of NE and NE+SiNPs, it was observed that
NE+SiNPs had a larger droplet size and a smaller number of droplets. This phenomenon indicates
that the addition of SiNPs increased the size of the dispersed droplets. As we discussed in the
surface tension measurement, the addition of SiNPs also increased the air-emulsion surface tension.
As a result, we found that the addition of d-limonene can improve the dispersion and form
a smaller oil droplet, but it also led to a decrease in the stability of the emulsion. The addition of
SiNPs can significantly increase the stability of the emulsion; but with increasing the oil droplet
size. However, d-limonene and SiNPs can work together with NE and form a high efficiency and
stability dispersant. NE+DL+SiNPs provided tiny droplets and stable O/W emulsions.
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Figure 4.10 Weighted average diameter of O/W emulsion with COREXITÒ EC9500A, NE,
NE+DL, NE+SiNPs, NE+DL+SiNPs at settling time of 0 (dots), 15 (stripes), and 30 min (grids);
the volume ratios of crude oil/dispersed emulsion were 3% (a) and 6% (b).
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Figure 4.11 Number of droplets of O/W emulsion with COREXITÒ EC9500A, NE, NE+DL,
NE+SiNPs, NE+DL+SiNPs at settling time of 0 (dots), 15 (stripes), and 30 min (grids); the volume
ratios of crude oil/dispersed emulsion were 3% (a) and 6% (b).
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Figure 4.12 Microscope images of oil droplets in O/W emulsion with COREXITÒ EC9500A, NE,
NE+DL, NE+SiNPs, NE+DL+SiNPs at settling time of 0 (left), 15 (mid), and 30 min (right); the
volume ratios of crude oil/dispersed emulsion were 3%; the scale was 100 µm.

78

Figure 4.13 Microscope images of oil droplets in O/W emulsion with COREXITÒ EC9500A, NE,
NE+DL, NE+SiNPs, NE+DL+SiNPs at settling time of 0 (left), 15 (mid), and 30 min (right); the
volume ratios of crude oil/dispersed emulsion were 6%; the scale was 100 µm.
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4.5 Conclusion
The dynamic surface tension between air and water with NE was measured by changing
NE’s concentrations. We found that the initial air-water surface tensions of the fresh formed NE
solution were closed to that of the solvent (water), which is a common feature of surfactants. It
was also found that the 𝛾#$ of the NE solution at each concentration gradually decreased with
time; this was because the NE molecules gradually adsorbed to the air-water interface, thereby
reducing the surface tension of the air and water. Rosen’s approach was applied to fit and model
the DST curve of NE solution; the DST parameters were calculated and shown.
We found that the addition of DL with NE solution further decreased the air-emulsion
surface tension, which indicates that DL further moved the dynamic balance from W/O emulsion
to O/W emulsion. However, the addition of SiNPs in the dispersant increased the air-emulsion
surface tension. This was because a small portion of the surfactant molecules were adsorbed onto
the surface of the SiNPs, thereby reducing the amount of surfactant molecules that were free to
diffuse and adsorb at the oil-water interface.
It was found that NE+DL dispersant can effectively disperse the oil layer into the water
phase after mixing. However, because the stability of the dispersed emulsion was insufficient, the
dispersed tiny oil droplets recoalesced into large oil droplets and floated on the water surface.
SiNPs were found to have the ability to greatly avoid the re-coalescence of small oil droplets and
improve the stability of the dispersed emulsion, thereby further improving the effectiveness of the
dispersant. As a result, we found that DL and SiNPs can work together and effectively improve
the dispersion effectiveness of NE. DL can move the balance towards O/W emulsion by further
reducing the surface tension of the emulsion. SiNPs can increase the stability of the dispersed small
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oil droplets and increase the dispersion effectiveness. The volume ratio among NE, DL, and SiNPs
has been optimized and ending with 10/1/2 v/v/v.
The emulsion stability with dispersants was studied using the turbidity test at the shaking
environment. The oil and water phases in both COREXITÒ EC9500A and NE groups were slowly
separated from each other after being initially stirred and dispersed in 3 hours. However,
NE+DL+SiNPs group maintained high stability throughout the 12-hour experiment.
The addition of d-limonene was found to improve the dispersion of oil and form a smaller
oil droplet, but it also led to a decrease in the stability of the emulsion. The addition of SiNPs can
significantly increase the stability of the emulsion, but it led to an increase in the oil droplet size.
D-limonene and SiNPs can work together with NE and form a high efficiency and stability
dispersant. NE+DL+SiNPs provided tiny droplets and stable O/W emulsions.
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Chapter 5: Evaluation of the Toxicity of Cactus-based Dispersants Using Acute Toxicity
Assessment and MTT Cell Viability Assay
5.1 Abstract
In this chapter, toxicity as the second primary indicator for evaluating dispersants was
studied by using acute toxicity assessment and MTT cell viability assay. Daphnia magna neonates
were used to measure the acute toxicity of NE and COREXITÒ EC9500A. We found that NE can
be classified as practically nontoxic to daphnia magna neonates due to its LC50 was larger than
2000 ppm for 48 hours. COREXITÒ EC9500A was found to be highly toxic to daphnia magna
neonates, and its LC50 was 333 ppb for 48 hours.
Neuro2a (N2a) cell line from mouse neuroblastoma cells was applied as a bioindicator to
study the toxicity of COREXITÒ EC9500A and NE-based dispersants through MTT cell viability
assay. From the comparison of the general morphology of N2a cells, we found that the cells treated
with NE started to aggregate at 500 ppm, and COREXIT® EC9500A was found to be significantly
toxic to N2a cells at 500 ppm. This phenomenon was confirmed with the cell viability results,
which also found that COREXIT® EC9500A was significantly toxic to N2a cells when the
concentration was higher than 50 ppm. This research examined the toxicity of COREXITÒ
EC9500A and NE-based dispersants and found that the addition of d-limonene had a negative
impact on the toxicity of the NE-based dispersant.
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5.2 Introduction
Dispersion effectiveness and toxicity are the two primary indicators for evaluating
dispersants [165]. The dispersion effectiveness of cactus-based dispersants has been studied in the
previous chapters. The toxicity of our cactus-based dispersants and COREXITÒ EC9500A will be
investigated and compared by using acute toxicity assessment and cell viability assay in this
chapter.
Acartia tonsa has been tested as an indicator in the safety data sheet of COREXITÒ
EC9500A [28]. Crustaceans are good test species for predicting the toxicity of pollutants to
ecosystems, as a representative of the intermediate food web level [166]. In addition, daphnia
magna is an important connection between algae and fish in the food chain, as daphnia magna can
consume algae and also be consumed by fish. Daphnia magna is more sensitive to the pollutants
in the environment than the other aquatic organisms. A single daphnia magna can filter 16.6 mL
of water per hour [167, 168]. Contaminants in the water have the potential to affect daphnia
magna's physiological activities after being filtered. In this chapter, daphnia magna as an aquatic
organism was used as a bioindicator of the acute toxicity assessment for evaluating the toxicity of
cactus-based mucilage extract (non-gelling extract, NE) and COREXITÒ EC9500A.
As a colorimetric assay for assessing cell viability, the main mechanism of tetrazolium
reduction assay is that the colorless tetrazolium salts can be reduced to purple formazan crystals
by metabolic active cells [169-171]. Figure 5.1 show the process of metabolization of 3-(4,5dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) to 1-(4,5-Dimethylthiazol-2-yl)3,5-diphenylformazan (formazan) by viable cells. MTT assay allows direct evaluation of viable
cells without the use of radioactive isotopes. This method has the advantage of being accurate and
sensitive because the spectrophotometric absorbance strongly correlates to the numbers of cells,
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and even low cell numbers can be detected. Compared with the in vivo toxicity test, MTT assay
can provide a more consistent result as an in vitro test [172, 173]. According to the studies of
Zheng et al., the toxicity of COREXITÒ EC9500A has been investigated using MTT assay with 5
types of cell lines [29]. The Lethal concentration 50 (LC50) for each cell line has been calculated
and shown in Table 5.1.

Figure 5.1 Metabolization of MTT to formazan by viable cells.
Table 5.1 LC50 of COREXITÒ EC9500A on cell lines from different tissues [29].
Cell Line Name

Cell Type

LC50 (ppm)

B16/BL6

Skin tumor cell line

16

H19-7

Neuronal cell line

70

1321N1

Glial cell line

33

HEK 293

Kidney cell line

93

HK-2

Kidney cell line

95

In the response of Deepwater Horizon oil spill, it is estimated that 7,000 m3 of chemical
dispersants were used for the cleanup [89]. At the same time, a total of approximately 48,000
workers participated in the cleanup operation [174]. Most of the chemical dispersant was sprayed
84

onto the oil layer by aircraft or boats. During this process, workers may inhale dispersants and
have skin contact with dispersants. Therefore, in addition to the impact of the dispersants on the
ecological environment, the impact of dispersants on humans is also important. Neuro2a (N2a)
cells are derived from mouse neuroblastoma cell lines. N2a cells have the ability to differentiate
according to various environments, and the differentiated N2a cells still have many characteristics
of neurons [175-177]. In this study, N2a cell line was tested as an indicator from a mammal by
using MTT cell proliferation and viability assay to evaluate the toxicity of NE, d-limonene (DL),
silica nanoparticles (SiNPs), NE+DL, NE+SiNPs, and NE+DL+SiNPs.
5.3 Experimental Section
5.3.1 Materials and Apparatus
Opuntia ficus-indica cactus leaves used for the extraction were originally obtained from
Tucson, Arizona and replanted in Tampa, Florida. The non-gelling mucilage extract (NE) was
extracted from the cactus pad using the method as described in Chapter 2. Food-grade high purity
d-limonene was obtained from Blubonic IndustriesÒ. LUDOXÒ CL colloidal silica 30 wt.%
suspension in H2O was purchased from Sigma-Aldrich. COREXITÒ EC9500A was provided by
NALCO Environment Solutions LLC (Sugar Land, TX). Daphina magna culture pack and
daphnia food were both purchased from Carolina biological supply company (Burlington, NC).
The spring water was purchased from Publix supermarket (Tampa, FL). CorningÒ 1 L RPMI 1640
medium was purchased from Mediatech, Inc. (Manassas, VA). HyClone™ Penicillin
Streptomycin 100X Solution was purchased from GE Healthcare Life Sciences. Fetal bovine
serum was purchased from Sigma-Aldrich (St. Louis, MO, cat F2442). Roche cell proliferation kit
I (MTT) was purchased from Sigma-Aldrich (St. Louis, MO, cat 11465007001).
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5.3.2 Acute Toxicity Assessment with Daphnia Magna
The daphnia magna acute toxicity test was performed by following a method of EPA-821R-02-012 from the United States Environmental Protection Agency (USEPA) [178]. Both the
control group and each concentration of the tested materials were tested by dividing a number of
30 daphnia magna neonates aged less than 24 hours into 3 parallel groups. The test containers
were 500-mL transparent glass beakers; and the volume of the test solution was 250 mL. The
control group was only spring water; the experimental groups were prepared by adding tested
materials into spring water. The test was performed at 23 °C; the exposure time was 48 hours. The
numbers of living and dead daphnia magna neonates were recorded after 24 and 48 hours.
5.3.3 Cell Preparation
N2a cell line was seeded in a concentration of 8,000 cells per well in a Corning® Costar®
TC-Treated 96-well tissue culture plates (Milwaukee, WI). N2a cell line was cultured and
incubated in a humidified atmosphere (37 °C and 5% CO2) for 24 hours as a pretreatment.
Afterward, N2a cells were administrated with various concentrations of test objectives and
incubated 24 hours. The background media without cells was the blank group, and the cells without
adding test samples were the control group.
5.3.4 MTT Cell Viability Assay
The cell viability was measured by following the protocol of Roche MTT cell proliferation
kit I. After 24 hours treatment with the test samples, all the mediums were replaced with fresh
mediums, and the final volume of each culture medium was 90 µL/well. Then, 10 µL of 5 mg/mL
MTT reagent was added into each well to get a final concentration of 0.5 mg/mL. After another 4
hours of treatment in the humidified atmosphere, 100 µL of solubilization solution (10% SDS
solution in 0.01 M HCl) was added into each culture medium. The culture plate was allowed to
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stand overnight in the incubator in the humidified atmosphere. The spectrophotometric absorbance
of the samples was measured with a BioTek synergy HT microplate reader at a wavelength of 590
nm. Cell viability was calculated with equation 5.1.
𝐶𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =

#8[:\8]:^8 J#_`\^C
#ab^8[b` J#_`\^C

× 100% (5.1)

where Atreatment is the absorbance of the treatment samples; Ablank is the absorbance of the blank
group; Acontrol is the absorbance of the control group.
5.4 Results and Discussion
5.4.1 Acute Toxicity with Daphnia Magna
Acute toxicity test on daphnia magna was performed for NE; and the results are shown in
Figure 5.2. The tested concentration range for NE was from 10 to 2000 parts per million (ppm).
We found that the survival rate of daphnia magna neonates with NE was 100% within the interval
of 10 to 1000 ppm for both 24 hours and 48 hours. At the concentration of 2000 ppm, the survival
rate of 24 hours was 87% ± 12%, and that of 48 hours was 80% ± 17%; both of them were higher
than 50%. LC50 of NE to daphnia magna neonates for 48 hours was found to be larger than 2000
ppm. There was no acute effect on daphnia magna neonates observed in this study for NE.
According to the EPA five-step scale of toxicity categories for aquatic organisms [179], NE can
be classified as practically nontoxic to daphnia magna neonates because LC50 of NE was larger
than 100 ppm.
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Figure 5.2 Acute toxicity effect of NE on daphnia magna neonates at an exposure time of 24 hours
(black columns) and 48 hours (gray columns); the control group was pure spring water.
Figure 5.3 shows the acute toxicity results for COREXITÒ EC9500A with daphnia magna
neonates. The tested concentration range was from 50 to 2000 parts per billion (ppb). The survival
rate of daphnia magna neonates at 24 hours was 100% within the interval of 50 to 600 ppb. At
concentrations of 1000 and 2000 ppb for 24 hours, the survival rates were 87% ± 15% and 83% ±
6%, respectively. However, the survival rate of daphnia magna neonates with COREXITÒ
EC9500A after 48 hours was found to decrease significantly from 100 to 0%. LC50 of COREXITÒ
EC9500A to daphnia magna neonates for 48 hours was calculated to be 333 ppb. COREXITÒ
EC9500A would be classified as highly toxic to daphnia magna neonates based on the EPA fivestep scale of toxicity categories for aquatic organisms.
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Figure 5.3 Acute toxicity effect of COREXITÒ EC9500A on daphnia magna at an exposure time
of 24 hours (black columns) and 48 hours (gray columns); the control group was pure spring water.
5.4.2 MTT Assay with N2a Cell Line
MTT assay was conducted with N2a cell line to study the toxicity of COREXITÒ
EC9500A, NE, d-limonene (DL), silica nanoparticles (SiNPs), NE+DL, NE+SiNPs, and
NE+DL+SiNPs. Figure 5.4 shows the general morphology of N2a cells before the treatment and
after the treatment. Figure 5.4a shows the morphology of N2a cells before the 24 hours treatment.
Figure 5.4b shows the morphology of N2a cells after the 24 hours treatment with control. Figure
5.4c shows the morphology of N2a cells after the 24 hours treatment with NE at a concentration
of 500 ppm. We found that the morphology of the cells after treatment with NE at 500 ppm was
similar to that with the control. However, the cells from the NE group had more aggregation
compared with the control group. This phenomenon indicates that NE might have a slight effect
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on the growth of N2a cells at 500 ppm. Figure 5.4d shows the morphology of N2a cells after the
24 hours treatment with COREXITÒ EC9500A at a concentration of 500 ppm. Compared with the
control group and NE group, the cells of the COREXITÒ EC9500A group shrank significantly and
decreased in number. Such phenomenon indicated that COREXITÒ EC9500A showed significant
toxicity to N2a cells at 500 ppm.

Figure 5.4 Morphological characterizations of N2a cells in the MTT assay; before treatment (a),
after 24 hours treatment with control (b), after 24 hours treatment with NE at concentration of 500
ppm (c), and after 24 hours treatment with COREXIT® EC9500A at concentration of 500 ppm
(d).
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Figure 5.5 MTT cell viability of N2a cell line after 24 hours of treatment with COREXIT®
EC9500A.
Figure 5.5 shows the cell viability of N2a cells after 24 hours of treatment with COREXIT®
EC9500A in the MTT assay. “⋆⋆⋆⋆” represents a significant difference between treatment and
control groups (p<0.0001). It was found that COREXIT® EC9500A had no effect on N2a cell
viability at concentrations of 5 and 10 ppm. After the concentration increased to 50 ppm,
COREXIT® EC9500A had a significant effect on the cell viability of N2a. The cell viability
decreased to 6.63% ± 0.17% as the concentration of COREXIT® EC9500A increased to 100 ppm.
Such phenomenon indicates that COREXIT® EC9500A was significantly toxic to N2a cells when
its concentration was higher than 50 ppm.
Figure 5.6 shows the MTT cell viability of N2a cell line after 24 hours treatment with NE
(a), DL (b), SiNPs (c), NE+DL (d), NE+SiNPs (e), and NE+DL+SiNPs (f). “⋆” represents a
significant difference between treatment and control groups under different p values: “⋆” means
p<0.05; “⋆⋆” means p<0.01; “⋆⋆⋆” means p<0.001; and “⋆⋆⋆⋆” means p<0.0001. It was observed
that NE started to affect the viability of N2a cells after the concentration reached 500 ppm, which
is consistent with the comparison of cell morphology between figure 5.4b and 5.4c. N2a cells
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viability reduced to 48.97% ± 1.71% when the NE concentration was increased to 2000 ppm. The
effect of DL on the viability of N2a cells was gradually increasing with the increasing
concentrations. DL started to affect the viability of N2a cells at 100 ppm. LC50 of DL to N2a cell
line based on MTT assay was calculated to be 368.64 ppm. SiNPs was not observed to have a
significant effect on the viability of N2a cells in the concentration ranges from 50 to 2000 ppm,
which indicates that SiNPs was non-toxic to N2a cells. NE+DL had an effect on the cell viability
from 50 ppm. LC50 of NE+DL to N2a cell line based on MTT assay was calculated to be 142.87
ppm. NE+SiNPs was also observed to be non-toxic to N2a cells. NE+DL+SiNPs also had an effect
on N2a cell viability, starting from 50 ppm. LC50 of NE+DL+SiNPs to N2a cell line based on MTT
assay was calculated to be 128.69 ppm. We found that NE, SiNPs, and NE+SiNPs were non-toxic
to N2a cell line when their concentrations were lower than 500 ppm. However, the toxicity of
NE+DL+SiNPs to N2a cells significantly increased after the addition of DL. Such phenomenon
verifies that the toxicity of a dispersant is mainly derived from the addition of organic solvents.
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Figure 5.6 MTT cell viability of N2a cell line after 24 hours treatment with NE (a), DL (b), SiNPs
(c), NE+DL (d), NE+SiNPs (e), and NE+DL+SiNPs (f).
5.5 Conclusion
The acute toxicity of NE and COREXITÒ EC9500A to aquatic organisms were tested using
daphnia magna neonates. No acute effect was observed for NE on daphnia magna neonates. LC50
of NE was larger than 2000 ppm for 48 hours; the toxicity category of NE can be classified as
practically nontoxic to daphnia magna neonates. The acute effect was observed for COREXITÒ
EC9500A on daphnia magna neonates. LC50 of COREXITÒ EC9500A was found and calculated
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to be 333 ppb. COREXITÒ EC9500A would be classified as highly toxic to daphnia magna
neonates.
MTT assay was conducted to study the toxicity of COREXITÒ EC9500A, NE, DL, SiNPs,
NE+DL, NE+SiNPs, and NE+DL+SiNPs by using N2a cell line. The general morphology of N2a
cells showed that the morphology of the NE group-cells was similar to that of the control group,
but the NE group-cells started to aggregate at 500 ppm. The cells of the COREXIT® EC9500A
group shrank significantly and decreased in number at 500 ppm, which indicated that COREXIT®
EC9500A showed significant toxicity to N2a cells at 500 ppm. From the cell viability results, we
found that COREXIT® EC9500A was significantly toxic to N2a cells when the concentration was
higher than 50 ppm. The cell viability results showed that NE started to affect the viability of N2a
cells after 500 ppm. SiNPs and NE+SiNPs were non-toxic to N2a cells in the concentration of 502000 ppm. LC50 of DL, NE+DL, NE+DL+SiNPs to N2a cells were found to be 368.64, 142.87,
and 128.69 ppm, respectively. The addition of the organic solvent, d-limonene, brought a toxicity
concern to the NE based dispersant; however, the toxicity of NE+DL+SiNPs was still better than
COREXITÒ EC9500A. Finding a safer organic solvent can be the main goal of future work.
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Chapter 6: Summary
In this dissertation, cactus mucilage extract (non-gelling extract, NE) from the leaves of
Opuntia ficus-indica (OFI) was investigated as a natural surfactant for the forming of stable oilin-water (O/W) emulsion with the vision of creating an environmentally friendly dispersant for the
spilled oil clean-up operation. As a natural material, cactus mucilage extract has the advantage of
being non-toxic and biodegradable. The extraction process yields two types of mucilage extracts:
gelling extract (GE) and non-gelling extract (NE). This dissertation centered on using NE for the
research of phenomena and properties on the surface and interface because NE has a higher
extraction yield and a better performance as a dispersant.
The primary goal of this dissertation is to study the application of cactus-based natural
dispersant (non-gelling extract, NE) to be implemented in oil spill response strategies. For this, the
dispersion mechanism of the dispersant was investigated, the effectiveness and toxicity of the
dispersant were evaluated and determined, and the effectiveness of the dispersant was also
improved. This goal has been largely achieved by demonstrating the dispersion mechanism and
effectiveness of NE and NE+DL+SiNPs dispersant systems. The key findings of this dissertation
are summarized as follows:
•

The ATR-FTIR spectra of NE and GE were significantly similar. Both of them had
the functional groups associated with the alcohol, carboxylic acid, methyl,
esterified galacturonic acid, and ether;
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•

Two notable differences were found between the spectra of NE and GE. The main
band at 1036 cm-1 indicated NE had a content of cyclic alcohol. The bands from
1138 to 953 cm-1 showed that GE had a content of uronic acid;

•

The GPC chromatograms of NE and GE solution both showed three main peaks,
which indicated that NE and GE solutions were both composed of three sizes of
compositions, ranging in size from ten million to thousands;

•

The capacity of a natural dispersant based on cactus mucilage for oil spills was
determined for the first time to the best of our knowledge;

•

NE was used as a natural surfactant and dispersant to form a stable O/W emulsion.

•

NE showed surface active properties that significantly reduced the air-water surface
tension and the oil-water interfacial tension;

•

The application of NE reduced the surface tension between the O/W emulsion and
air;

•

NE natural dispersant was observed to perform better at a lower salinity;

•

The dispersion process with NE was significantly enhanced by the mixing energy;
certain mixing energy needs to be applied at the beginning to approach a successful
dispersion process;

•

The turbidity of the O/W emulsions with NE at each settling time was similar to
that of COREXITÒ EC9500A for both 3 and 6% v/v;

•

The O/W emulsion with NE had a smaller weighted average diameter compared
with COREXITÒ EC9500A;

•

D-limonene and silica nanoparticles have been added with NE to improve its
dispersion ability;
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•

The initial air-water surface tensions of the fresh formed NE solution were closed
to that of its solvent (water);

•

The air-water surface tension of NE solution at each concentration gradually
decreased with time;

•

Rosen’s approach was applied to fit and model the DST curve of NE solution; the
DST parameters were calculated and shown;

•

The addition of DL with NE solution further decreased the air-emulsion surface
tension, which indicates that DL further moved the dynamic balance from W/O
emulsion to O/W emulsion;

•

The addition of SiNPs in the dispersant increased the air-emulsion surface tension;

•

NE+DL dispersant can effectively disperse the oil layer into the water phase after
mixing; however, the dispersed tiny oil droplets recoalesced into large oil droplets
and floated on the water surface;

•

SiNPs were found to have the ability to greatly avoid the re-coalescence of small
oil droplets and improve the stability of the dispersed emulsion, thereby further
improving the effectiveness of the dispersant;

•

D-limonene and SiNPs can work together with NE and form a high efficiency and
stability dispersant;

•

The volume ratio among NE, DL, and SiNPs has been optimized and ending with
10/1/2 v/v/v;

•

NE+DL+SiNPs group maintained high stability throughout the 12-hour experiment
in the shaking turbidity test;

•

NE+DL+SiNPs provided a very small and stable O/W emulsion droplets;
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•

The acute toxicity of NE and COREXITÒ EC9500A to aquatic organisms were
tested using daphnia magna neonates;

•

LC50 of NE was larger than 2000 ppm for 48 hours; the toxicity category of NE can
be classified as practically nontoxic to daphnia magna neonates;

•

LC50 of COREXITÒ EC9500A was found and calculated to be 333 ppb.
COREXITÒ EC9500A would be classified as highly toxic to daphnia magna
neonates;

•

MTT assay was conducted to study the toxicity of COREXITÒ EC9500A, NE, DL,
SiNPs, NE+DL, NE+SiNPs, and NE+DL+SiNPs by using N2a cell line;

•

The cells of the COREXIT® EC9500A group shrank significantly and decreased in
number at 500 ppm, which indicated that COREXIT® EC9500A showed significant
toxicity to N2a cells at 500 ppm;

•

COREXIT® EC9500A was significantly toxic to N2a cells when the concentration
was higher than 50 ppm;

•

NE started to affect the viability of N2a cells after 500 ppm;

•

SiNPs and NE+SiNPs were non-toxic to N2a cells in the concentration of 50-2000
ppm;

•

LC50 of DL, NE+DL, NE+DL+SiNPs to N2a cells were found to be 368.64, 142.87,
and 128.69 ppm, respectively;

•

The addition of the organic solvent, d-limonene, brought a toxicity concern to the
NE based dispersant; however, the toxicity of NE+DL+SiNPs was still better than
COREXITÒ EC9500A;

•

Finding a safer organic solvent can be the main goal of future work.
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Appendix A: Calculation of Surface Excess and Effective Area per Molecule
The surface excess of NE and the effective area/molecule were calculated by using Gibbs
isotherm equation
Γ=−

1 𝜕𝛾#$
j
l
𝑅𝑇 𝜕𝑙𝑛𝐶,

where, Γ is the surface excess of NE, mol/m2; 𝛾#$ is the NE aqueous phase-air surface tension,
mN/m; 𝐶, is the molar concentration of the NE aqueous phase, mol/L; R is the gas constant, which
is 8.314 J⋅K−1⋅mol−1; T is the temperature, which is 295.15 K. 𝐶, was calculated by using the
equation
𝐶, =

𝐶n
× 1000𝑚𝑙/𝐿
𝑀<

where, 𝐶n is the mass concentration of the NE aqueous phase, g/mL; 𝑀< is the molar mass of NE,
which is a constant in unit of g/mol. Sub equation of 𝐶, into Gibbs isotherm equation and we can
get

Γ=−

Since

tPPPnu/v
,9

1
𝜕𝛾#$
r
s
𝑅𝑇 𝜕𝑙𝑛 1000𝑚𝑙/𝐿 𝐶
j
nl
𝑀<

is a constant, then Gibbs isotherm equation can be written as
Γ=−

1 𝜕𝛾#$
j
l
𝑅𝑇 𝜕𝑙𝑛𝐶n

113

wD

xF
while wuO5
equals to the slope of the orange straight line, which was calculated through linear
]

regression. The slope was found to be -5.165 mN/m. then Gibbs isotherm equation can be written
as
Γ=−

1
8.314

Γ=−

𝐽
× 295.15 K
𝐾 ∙ 𝑚𝑜𝑙

× j−5.165

mN
l
m

1
5.165 N
× j−
l
𝑁∙𝑚
1000 m
8.314
× 295.15 K
𝐾 ∙ 𝑚𝑜𝑙
Γ = 2.105 × 10J‰

𝑚𝑜𝑙
𝑚Š

1
1
𝑚Š
𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠
Å
ŠŽ
ŠP
=‹
Œ
÷
j6.02
×
10
l
×
‹1
×
10
Œ
Γ
2.105 × 10J‰ 𝑚𝑜𝑙
𝑚𝑜𝑙
𝑚Š
1
Å
= 78.91
Γ
𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒
As a result, the surface excess (Γ) of NE is 2.105 × 10J‰

n’u
n“

, and the effective area per

molecule of NE is 78.91 Å.
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Appendix B: Copyright Permission
The permission below is for the use of Chapter 3.
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